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ABSTRACT 


: 3 1 
The reactions of S ( P) and S ( D) atoms as well as the 


reactions of the sulfur radicals S HS, and HS, have been 


9? 3) 2 


investigated with the technique of flash photolysis kinetic 
spectroscopy. 
& 
S (PP) atoms were formed in the short wavelength photolysis 


of CS,» inthe relaxation of 'S (1d) by CO and in the 


De. 


disproportionation of HS radicals. S (7p) atoms were shown to combine 
to form S, in all three low lying electronic states. 

5 (tp) atoms, formed in the photolysis of COS, abstracted 
a sulfur atom from COS. The abstraction reaction most likely Phen: 


1 
through the intermediate COS,. S (D) atoms were found to insert into 


Zz 


H, and CH, forming hot products which underwent considerable secondary 


cracking reactions. 

Ss, Ch.) was formed in the abstraction from COS by.S ar 
in the combination of S$ (3p) atoms, the cross disproportionation of 
HS and He and in the disproportionation of HS». - Ca.) suffered 


collisional relaxation to the ground state and in the presence of os 


the process is very rapid due to the near resonance condition between 


the donor and acceptor. 


S, (¥ ) was formed in the combination of S (Pp) atoms and 
& 


in the disproportionation of HS and HS, radicals. Ground state Fi is 
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also formed in the reactions: 


S5 CE) decays by third body combination forming = and ultimately 
polymeric sulfur. Rate constants for the combination have been 
calculated with sevéral third bodies. The efficiency of the third 
body increases as its complexity increases. Ethylene episulfide is 
about 50 times as efficient as eG 

HS was formed in the photolysis of H,8 and oe as well as 
in the reaction of S (p) atoms with A, and CH, HS was found to 
undergo disproportionation with itself and with ley as well as 
combination reactions. The disproportionation into Ss S5 was 
shown to be unimportant. The extinction coefficient of the 3060 A 
line was determined and absolute rate constants for HS decay were 
obtained. 

ae was formed in the photolysis of HAS, and also in the 
recation between HS and S$ Pp), HS, was found to undergo 
disproportionation with itself and HS and combination with itself 
and with HS. 

The triplet excited state of cs, formed in the long 
wavelength photolysis of carbon disulfide underwent luminescence as 


well as chemical reaction with another cS, and with 0,- 
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Rate constants of several radical reactions are listed. 


Spectra of the intermediate radicals are shown in the Plates. 
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CHAPTER @l 


INTRODUCTION 


The subject of photochemistry is concerned with the 
processes resulting from the interaction of radiation with matter a 
The radiation of photochemical importance almost exclusively lie 
in the visible, ultra violet and the vacuum ultra violet regions 
of the spectrum. The photon, once absorbed by the molecule, causes 
a change in the electronic configuration in the molecule with the 
result that the new molecule is higher in energy and has different 
reactivity and characteristics. In general there are more than one 
energy levels and corresponding excited states and a molecule may 
absorb in different regions of the spectrum giving rise to different 
modes of reaction subsequent to photoexcitation. 

A photochemical reaction can be separated into three 
stages: 

a) light absorption. According to the Einstein Law 
of Chemical Equivalence, in the primary process each molecule is 
activated by the absorption of one photon. 

b) the primary reaction — the immediate chemical 
change that occurs in the excited molecule. Some of these are: 

1, Unimolecular reaction, dissociation or 


isomerization of the excited molecule. 
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2, Bimolecular reaction, reaction involving a second 
molecule. 

3, Luminescence, light emission with simultaneous 
transition to a lower state of the same or different multiplicity. 

4, Internal conversion, nonradiative transition to 
a lower state of the same multiplicity. 

5, Intersystem crossing, nonradiative conversion to 
a state of different multiplicity. 

c) secondary reactions - the reactions of the product 
of the primary reaction. 

Sometimes, instead of reacting or losing its energy, an 
excited molecule may collide with another molecule and transfer its 
energy causing the other molecule to be excited. This process is 
called photosensitization. Mercury photosensitization is a common 
example of such an energy Pres feres 

Except in a few simple cases, the course of a photochemical 
reaction between the initial excitation and the formation of the 
stable products is quite complex and often involves the participation 
of atoms, radicals, excited states and even ions. The short 
lifetimes and the low steady state concentrations of these reactive 
intermediates prevented their detection by physical methods. 
Therefore, the postulated mechanisms were derived from circumstantial 
evidence provided by eh ees cogs observations and quantitative 


measurements of the end products. In most cases the proposed 
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mechanisms were satisfactory but the lack of physical evidence 
for the proposed intermediates often led to undue criticism. 

It was for this reason that Norrish and Porter in 1946 
tried to obtain spectroscopic evidence of the presence of these 
short lived intermediates in a photochemical reaction. 

They found that very large measures of photolysis could easily 
be achieved by applying a very intense light flash to suitable 
Peectants & These early flashes were produced by discharging a 
bank of condensers through argon and were of 1 - 2 msec duration 
and dissipated up to 10,000 joules energy. It seemed obvious 
that if free radicals were produced, they would be of such high 
concentration that they could be detected through their absorption 
spectra. This was first achieved by pueeece by using a second 
flash as a photographic source triggered mechanically at short 
intervals after the first flash. He was: able to demonstrate the 
decomposition of chlorine and to obtain the absorption spectrum 
of CS from the photodecomposition of carbon disulfide. 

This early success was followed by the development of 
the technique. Shorter flash durations were achieved by the use 
of improved very low inductance pane roree Short, very precise 
delays were achieved by using electronic delay devices which 
were capable sf timing to eititin a microsecond. The basic device® 
still in use today,though much more refined, was developed in 


1953 and is described in Chapter 2 of this thesis. 
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It became apparent that many of the early results were 
invalidated by the great rise in temperature which resulted in thermal 
as well as photochemical dissociation. This temperature rise comes 
from the fact that when the intense flash is applied, the light 
energy absorbed is rapidly degrnden to heat and her only a few 
torr of reactant are present, this temperature rise may exceed 
a thousand degrees. If a oe excess of inert gas, e.g., 500 torr 
nitrogen, is present, the temperature rise can be limited to a few 
degrees. Thus under adiabatic conditions resulting from lack of 
temperature control, thermal cracking as well as explosive reactions 


may be initiated. 


Carbon Disulfide 

Der ter first demonstrated the great significance of the 
technique of flash photolysis-kinetic spectroscopy in ellucidating 
the mechanism of the photodecomposition of carbon disulfide. Since 
the final products are sulfur and a polymer, little was known about 
the photochemistry of this compound. Porter detected the transients 
CS and Ss, Cpe when he flashed carbon disulfide in a quartz vessel 


and proposed the mechanism: 


cs, + hv > cs + S {1} 

S sthe 4° BS extend) 2} 
s CS + not 9 e { 

n§ > § {3} 
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nus > * (CS) {4} 


Arguing on the grounds of spin conservation, he stated that the S 
atom formed in {1} must be in the singlet state. 

If a singlet sulfur ator is produced in {l},then from 
the same rules the Ss, produced in {2} should also be in a singlet 
state. This singlet state was not observed. 

Wiieht repeated Porter's experiments and obtained 
similar results. He concluded that CS decay was a heterogeneous 
process and that no condensation or reaction with sulfur occurred 
in the gas phase. 

Owing to limitations of his apparatus, he was unable to 


study the formation of So: He did conclude that two processes 


could form So) namely, 
S + cs SCS aati {2} 
ASA scene, ee ne + M* {5} 


although reaction {5} would only become significant at very high 
pressures of inert gas. 

pailear’ also studied the flash photolysis of carbon 
disulfide using much lower pressures, 0.03 torr, and a much more 
refined apparatus. He was able to detect the formation of $ Cp) 
atoms but neither the (ts) nor the (1p) could be observed. Therefore 


he concluded that the initial step in the photolysis was absorption 
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to a singlet state, followed by intersystem crossing to one of the 


a) 


: 1 ae: 
nearby triplet states and decomposition from this triplet state. 


This scheme can be summed up in the equation 


Se 3 
as hosts) et ee CAP) {6} 


He attributed the formation of = to recombination via reaction 
{5} rather than to the abstraction reaction {2} proposed by Wright 
and by Porter. | 

Callear proposed that the fate of S54 is a third order 


recombination via 
oS +.M + § + Mx Si7h 


although this mechanism failed to explain the observed pressure 


dependence of S, formation and decay. 


2 
A thorough investigation of the flash photolysis of 


9 
carbon disulfide was carried out by Basco and Pearson . They found 


that their results were best explained by the following mechanism: 


Doe Ag /v.gs 778° CS Ge 2% {6} 
> 
C= + S ig cs, {8} 
ctdeicylens bes obtsrved+lumg (onay {9} 
3 2 2 \ *g 
7 So sie me Sc {10} 
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They based this mechanism on the observations that the rate of So 
formation is dependent on carbon disulfide pressure, that the 
activation energy of 5, formation is negative, and that the addition 


of a large excess of inert gas has little effect on the rate of 8 


2 
production. 

They also carried out the flash photolysis of carbon 
disulfide in the presence of small amounts of nitric oxide. The 
marked increase in the rate of formation of 55 was attributed to 
the reaction scheme 

e+ yo 6 EC CSNNO {11} 

GNOME mers Cte FETKO PET IS kS S12} 


In the presence of nitric oxide, a new transient spectrum was 
observed in the spectral region of A = 3500 - 4300 A. No attempt 
was made to assign the spectrum but they suggested that it resembled 
the spectrum of NO». 

They were able to obtain values for the rate constant 
ke. the, ratio kg / k_g» and for the equilibrium constant K = ke/k_g: 


8? 
dpa Sales 
Ll w2eecvt, 1,240.5 x 10° and v 10 


These values are 3+1 x 10 
respectively. 
ee has observed luminescence from carbon disulfide 


vapor irradiated with light between 2800 A and 3600 A. He was able 


to show that the excited molecule formed in the primary process 
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CS Soe - sy, eee cS, {13} 


is long lived, tT = 3.3 x es sec., and emission from the excited 


state occurs before vibrational relaxation can take place 


Gand tise t68, quick hy {14} 


He proposed that luminescence quenching in carbon disulfide vapor 


takes place via the self quenching process 


CS5 rH CS. rar 2 cS Cis 


With the exception of Heicklen's work, all of the above 
mentioned investigations were carried out in quartz vessels and 
consequently carbon disulfide was photolyzed in its short wavelength 
region, leaving the much weaker long wavelength region unexplored. 

The object of this investigation was to examine the 
mechanism of luminescence quenching and to establish whether 
chemical reaction can occur from the luminescent state. A secondary 


5 
objective was to examine the recombination of S ( P) atoms. 


1 3 
Carbonyl Sulfide and the Reactions of $ (D) and ('P) Atoms 
The ultra violet absorption spectrum of gaseous carbonyl 
sulfide consists of a series of weak vibrational bands superimposed 


on a strong continuum in the region of 2000 A to 2600 A. Sidhu et all? 


have calculated the lifetime of the excited state to be 10 sec. 
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They also found that the first absorption corresponds to transition 
nm < mn. 

As early as 1932,it was suggested that the photochemical 
decomposition of carbonyl sulfide may form S cp) erone a Forbes 
and Kites round that the quantum yield of CO was close to unity and 
assumed that S atoms are incapable of secondary reactions. 

Strausz and Eat ue studied the photolysis of COS and 
showed that it was a clean source of sulfur atoms with the carbon 
monoxide being a good monitor of the amount of 5 atoms produced. 

Taking the heat of formation of 5 (7p) atoms as 66 Koak/moTe | 


18 
and AH- COS = -33.8 Kcal/mole , then D(OC=S) = 72.4 Keal/mole. 


f£ 


The first two excited states of sulfur are * and 1, and are 
1 
26.4 and 63.4 Kcal/mole above ground state respectively 7 Therefore 


the two primary processes 
t 
CPoCMe Sah > COe er eS (2D) {1} 
1 
of ny CO CU 8S) {2} 


Rene commence at 2895 A’and at 2105 A respectively. 
The mechanism proposed for the decomposition of carbonyl 


sulfide is 


S (1p) eee COS ee COM Bet srs {3} 


CGS “Fe +P" S (1p) Pt COSe ? eens (7p) {4} 
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COG or 5 (°p) 9, CORT PSB 
% 
Pace ede ee a sale Ste {6} 


Carbonyl sulfide was shown to bring about the relaxation of S oss 
to the ground state via reaction fi \ oe Reaction {6} is not 
important since the addition of an $ atom scavenger reduces the 

CO yield to one half. 

The quantum yield of carbon monoxide has been Pees 
under different conditions and was found to be 1.80 rather than the 
expected value of 2.0. However, since the quantum yield is 
independent of pressure, this low value is probably due to an 
inefficiency in the primary photolytic process 

The reaction between 5 ¢‘) atoms and paraffinic 


22 
Zag me Lie 


hydrocarbons was shown to be an insertion process 
exothermicity of the process is about 85 Kcal/mole and except with 
methane, the number of available degrees of freedom are sutficient 
to prevent decomposition of the hot mercaptan. 

The rate of reaction of § cp) with the C - H was found to 
be independent of the bond type. The mercaptan distribution with, 
propane was n-PrSH/iso-PrsH = 2.85 + 0.05 and with isobutane, 
4-BuSH/t-BuSH = 8.8 + 0.1. This indicates that the attack is 
indiscriminate and hence of high efficiency. 

The addition of fokees dioxide reduces the mercaptan yield 


3 : 22 
Pateer ned cating that o (<P) atoma do#not; insert or abstract. 


The fact that the CO yield can not be reduced to exactly one half 
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was attributed to the formation of S ( P) atoms in the primary 
process. From the rate of mercaptan formation, it was concluded that 


this process may occur to the extent of 26%", 
3 
COSMET men ee or CO seer oat PB} {7} 


The following mechanism was proposed for the reaction 


of S (1p) atoms with paraffinic hydrocarbons: 


cos + hv +> co + § (1p) ‘Map 
1 

S (D) + RH + - RSH {8} 
1 3 

Ss (ap)rcuss «RH 6) *res RA*md te Se (OP) {9} 

S (1p) Pe eCOS sta COmeat bs to, {3} 

S (3p) die COSthc vaCOcfot of Sy, et 

Dac (>) tite ss S., + Mx {6} 


The rate of reaction {3} was shown to be about twice as fast as 
{8}. 

In the case of methane, considerable cracking of the hot 
mercaptan occurred since the number of dergrees of freedom was less 
than in the higher paraffins. The following mechanism based on 


the secondary products was offered: 


CH, cs Ape agit > cH SH” {10} 
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Gas tM =) HSH + 2 {11} 
CH,SH +. CHS + H {12} 
H + CH, = Hy + CH, {13} 
2 CHS +  CH,SSCH, {14} 
CHS + CH, > CH,SCH, {15} 
CHS + CH, > CHS + CH, {16} 
2 CH, eit er | Aelee: 


The ratio CH SH/ZCH.S = 0.67 was found to be independent of the 
total pressure up to 1450 torr indicating that about one third of 
the hot mercaptan underwent pressure independent 2 reece yeep is 
The products of the reaction of sulfur atoms with 
olefins were found to be. episulfides, vinylic mercaptans, and 
alkenyl overeat The carbon moncexide yield decreased to one 
half indicating that complete scavenging of the sulfur atoms had 
been accomplished. The addition of a large excess of carbon 
dioxide suppressed the formation of all mercaptans indicating that 
they are formed from S$ (1p) atoms only. Ground state triplet atoms 
react with olefins to form only an episulfide. Alkenyl and vinylic 
mercaptans indicate the Dorel ci nets On of singlet sulfur atoms. The 


following mechanism was proposed to account for the reaction of 


1 
S ( D) atoms with olefins: 
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coS. +. hy CO) ee gS cp) 
i 
Cosmo at ao? |) D) <2) a oR S, 
1 
So (ial) +29 olefin. episulfide 
+ alkenyl mercaptan 
+ vinylic mercaptan 
%) a 
> <5 (Pya + olerimn 
5 : , ‘ 
SGP.) + olefin > episulfide 


BES) 


{1} 


“£33 


{18} 


Fig} 


{20} 


{21} 


{22} 


Thus a convenient method of distinguishing between singlet 


and triplet sulfur atoms was developed. Triplets form only 


episulfides while singlets form episulfides and mercaptans. 


Triplets 


do not react with paraffins while singlets insert to give the 


corresponding mercaptans. 


Basco and Pearson investigated the flash photolysis of 


carbonyl sulfide and proposed that S5 


Whale 
mechanism : 


Cos ge Te sce epee =r 


formation proceeds via the 


S (1p) {1} 
Avey: 

S, {24} 
Mx {253 
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These conclusions are in disagreement with those of Strausz and Gudedaeee 
since they can not explain the decrease in the CO yield when an 
olefin or paraffin is added to the system. 

McGrath enpals: also investigated the flash photolysis of 
carbonyl sulfide and observed a new transient spectrum which they 
said may be due to an excited state of Soe They attempted no 
assignment of this spectrum. They also observed that S cp) atoms 
react with hydrogen to give the transient HS. They did not attempt 
a mechanism for HS formation. 

The object of the investigation of the flash photolysis 
of carbonyl sulfide was to examine the abstraction reaction {3} 
as well as to attempt to obtain rate constants for the reactions of 
S Gor S (7p) atoms and Sos 

The reaction of S$ (1p) with hydrogen and with methane was 
also examined to determine the mechanisms involved in the thermal 


cracking reactions. 


Hydrogen Sulfide 

Hydrogen sulfide begins to absorb in the ultra violet 
region at 2600 A aad reaches maximum absorption at 2200 Act the 
absorption is continuous and shows no structure. 

Forbes et al? investigated the photochemistry of 
hydrogen sulfide and found that ene quantum yield for HAS 


disappearance is unity. They varied the wavelength from 2080 A to 
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2370 A and the pressure from 7.5 torr to 1400 torr but the quantum 
yield did not change. They also found that the intensity, which 
was changed by a factor of 15, did not affect the results. From 


these facts, they concluded that the most likely primary step is 
hse + ony > «6H Mh 2 HS tac 


and that HS radicals must be stable with respect to dissociation 


into atoms. They postulated that if H atoms react via 


ee Se he HS 177.) 


Me Sam oT AS oe aS =i} 


Bdge by wea Ho gaat 25S {4} 


However, the work of Avery and perhes a ruled out this step. They 
found that the photolysis of hydrogen sulfide in carbon tetrachloride 
solution resulted in the formation of sulfur, hexachloroethane, and 
trichloromethyl marcaptan. These products can only be explained 
in terms of reaction {1} being the primary process. 

Porter” carried out the flash photolysis of hydrogen 
sulfide and was able to show ce the primary photochemical step 


is reaction {1} by observing the spectrum of HS at the shortest delay. 
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He proposed the following reaction scheme for the 


decomposition of hydrogen sulfide 


Hoe eso > H + 4s {1} 
eh ae Se cee dte yee PES {2} 
2 HS Sh ns las 58 {5} 
2 2 g 
226 57) + M > S + M* {6} 
2 g 4 


Porter also detected a new transient spectrum in the 
region of 3100 A to 3770 A and attributed it to the species HS, 
He did not propose a mechanism for its formation. 

Darwent and Roberts; also investigated the photolysis 
of hydrogen sulfide by measuring the quantum yield of hydrogen at 
a variety of conditions. They found that the quantum yield of H, 
was 1.09 at 30 torr and 1.26 at 400 torr. They attributed this 


increase to the reaction 
2HS + 4H + § 17} 


They found that at 400 torr pressure, about 13% of the HS reaction 
proceeded via {7}, the rest via {3}. 

Darwent and Krasnansky have been able to show that the 
wate of reaction {2} is eee although its absolute rate constant 
is not known with any certainty since the H atom is translationally 


hot when formed and depending on the total pressure, will influence 
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the reaction rate. 
30 
In a recent study, Darwent et al have been able to 
show that the rate of reaction {7} is much slower than the rate 
of {5} at low pressures. They reacted methyl with hydrogen 


sulfide via 


CH mr aS) H + S 
5 9 G 4 H {8} 


and noted that 45 was not formed. Therefore, pote of {7} must 
not be important. 

Stiles pend however were able to show that the 
electron spin resonance spectrum obtained from the photolysis of 
hydrogen sulfide was that of So Cr) and most probably came 
from the reaction of HS via {7}. 

Since there is some disagreement in the literature 
about the reactions of HS, the photochemistry of hydrogen sulfide 


was reinvestigated to clarify this situation. 


Hydrogen Disulfide 


The only study on the reactions of hydrogen disul fide was 
2 
made by Dolgoplosk and comork ets: . They reacted hydrogen disulfide 
in liquid pentenes at 70°C. From the products found, they proposed 


that HS. decomposes via 


S > 2 HS {1} 
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; {2} 


They also discussed some of the addition reaction of HS and HS, 

with the various olefins to produce mercaptans and disulfides. 
Except for this one investigation, no attention has 

been paid to the photochemistry of hydrogen sulfide. The 

investigation of the photochemistry of this compound was undertaken 

for this very reason. Also, it seemed reasonable that if the 

transient spectrum was correctly assigned by Porter to HS. 5 then 


hydrogen disulfide would be a good source of this species. 


Ethylene Episulfide 

Low intensity studies of the photolysis of ethylene 
episulfide,[E], have shown that the major product is ethylene and 
sulfur. The quantum yield of ethylene was found to be about 
eegeate. a.torr and 1.5/ at 16.0 Pers The mechanism 


suggested for the formation of this product is 


q * 
C,H,S + hv > E Ce 
lp 58aae* {2} 
3p* ex boars Baa {3} 
gg" 
3 
Cece SC) CoH, = Ss, {4} 


The sulfur atoms are formed in the triplet ground state since 
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mercaptans could not be found among the products on addition of 
paraffins or olefins, although the episulfide of the added olefin 


was readily detected. 


Smet Ay) 
g 


The emission spectrum of Ss, Che) has been observed 
SO. 570) 56 F 
by several workers . Barrow et al. have attributed the 
spectrum to the transition b’A, om ay hes The vibrational assignment 
has recently been deassipned>” based on the rotational analysis of 
7) enriched samples. 

McGrath amie observed several lines of this spectrum 
in the flash photolysis of carbonyl sulfide although they did not 
59 


assign the spectrum to the = 


have observed the spectrum from a variety of substrates and also 


1 
(A) species, Strausz et al, 
g bo es 


detected five short wavelength bands that were not seen in emission. 


The following bands were observed in absorption: 


* 
2343 (15,0) 5426 OTe C1, 0)) 82520; %0( 40) 
2364 (14,0) 2448.4 (10,0) 
pany ts.0) 7 | 2471.7 “(9,0) 


S404, 7 (12,0) - 2495.8 (8,0) 


x 
Partially obscured by Si emission line. 


sid gies sini gon o3 — 
ied ons Aguodils ‘seattle wi an; 


.bevoeseb a 


a 2 


'‘ 2 2o serrgnsae 6 iZeulns ont . 
ee - 
7 
cé He ,€6. - 
wun . ateotod te ) 
i , d ie 
, Ax ata tyoithanuut ov? oF TID9 


a 
. aA ‘ 
TOVS pevIp!etsS a e. 23 nIey 
so 
o “yredwe® to ateydosgag 


| | i 
tnega (4 ) 2 o83 of moxdaeqe ame 
:* f ‘ : 


« 


BY a se7 mere th aga / 


iu 
dj abnad ergs yaw tied f av 


roads at bev ound. ta ‘ab 


~ 9 A : _ ® 

(O,If) O.o8es an 
(0,08) acne 4 ee. - 
-« 


(o,¢ ) ord 


20 


CHAPTER II 


EXPERIMENTAL 


APPARATUS 


1, High - vacuum system 

A conventional high - vacuum system was used consisting 
of pumping, distillation, storage, metering and product analysis 
Stages. The system was completely grease free employing only 
Delmar mercury float valves and helium tested Hoke valves. 

The pumping stage consisted of a Welch Duoseal Model 1405 
mechanical pump and a two stage mercury diffusion pump. Typical 
pressures attained were lo” torr. The distillation stage (Fig. 1) 
served the dual purpose of reagent purification and product fractiona- 
tion. It consisted of three traps isolated by mercury float valves. 
The storage stage consisted of five 2 liter pyrex bulbs where the 
purified reagents were stored behind mercury float valves. The 
metering stage (Fig. 1) consisted of a mercury manometer and a McLeod 
gauge. The manometer was used for measuring pressures in excess of 
Z torr while the MdLeod gauze was used for lower pressures. The 
reactants were measured directly into either the flash cell or into 
the static cell. The product analysis stage (Fig. 2) consisted of a 
Toepler pump in conjunction with a set of calibrated bulbs for 


quantitative measurements of the fractionated products. A second 
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Toepler pump was used to transfer products into the G.L.C, sampler 
for chromatographic separation and analysis. The G.L.C. unit 
consisted of a thermal conductivity unit, Gow - Mac Model TR IIIB, 
a power supply, Gow - Mac 999-C and a Sargent recorder, Cat. No. 

S — 72189. Helium at a flow rate of 60 cc/min was used as carrier. 


G.L.C. columns were constructed of 6 mm ID glass coils. 


Seeemercury:— tree system 

The mercury and metal free system (Fig. 3) consisted of a 
trap for hydrogen disulfide, several inlets of 12/30 standard taper 
joints, a mercury manometer with N.R.C. DC 704 pump oil covering the 
mercury surfaces, and storage bulbs for krypton and nitrogen. High - 
vacuum was achieved by a Welch Duoseal Model 1405 mechanical pump 
and an oil diffusion pump using N.R.C. DC 704 pump oil. The only 
purpose for this system was to fill the flash lamps and for metering 
reactants in the hydrogen disulfide experiments. Typical pressures 


attained were about 10> torr. 


3, Static photolysis assembly 

Most static photolyses were carried out with an Hanovia 
Type SH medium pressure mercury arc. A second light source, Osram Cd 
resonance arc, was used in several hydrogen disulfide experiments. 
The reaction vessels were either cylindrical quartz with plane 
quartz windows or cylindrical pyrex (transmitted »’ > 2900 A) with 
plane pyrex windows. The dimensions of all cells were 10 cm long 


and 5 cm in diameter. The cell was positioned 10 cm in front of 
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the light source in such a manner that the cell could be removed 


for cleaning and be replaced into the same original position. 


4, Flash apparatus 

The componenets of the flash unit were: (a) reaction 
housing, (b) photo - flash source, (c) delay generation, (d) 
spectroscopic source flash, (e) delay monitoring, and (f) optical 
bench and spectrograph. 

(a) Reaction housing. The reaction housing was a 
cylindrical tube 60 cm. long and 15 cm. ID. The top half of the 
reactor could be removed for changing the cell and the bottom half 
was supported on the optical bench. The bottom half contained two 
supports for positioning the center of the reaction vessel on the 
optical axis of the apparatus. The inside of the reactor was coated 
with either MgO or with polished aluminum to reflect the light of the 
photo - flash. Since MgO was a loose deposit that tended to flake off, 
the aluminum reflector was used unless maximum light intensity was 
essential. 

All reaction vessels used in the course of this work were 
50 cm. long and were equipped with plane quartz windows. Cell walls 
were constructed of quartz, Vycor 7910, or pyrex with cell diameters 
of 28, 47, or 50 mm. Most flashes were done in Vycor 7910 cells 
unless specified otherwise. 

(b) Photo - flash source, The photo - flash unit (fig.4) 


consisted of a conventional high voltage power supply, 
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a Tobe Deutschmann Model ESC 249 E, 60 uf, 10 Kv low inductance 
capacitor, a quartz flash lamp of 12 mm ID with molybdenum alloy 
electrodes, Vitreosil Model T/E7/232, 50 cm tip to tip and a 
trigger wire along the outer surface of the lamp operated from a 
single pulse Tesla coil. The photo flash lamp was filled with 10 
torr nitrogen + 60 torr krypton. The photo - flash reached maximum 
intensity in 14 usec and decayed with a half life of 25 psec. 

(c) Delay generation unit. The time delay unit, whose 
function was to fire the source lamp after a predetermined delay 
after the photo - lamp is shown in Figure 5. It consisted of a 
photocell, Phillips 6910 blue sensitive, an electronic delay unit 


and a thyrotron valve. 


The electronic delay unit had a set of Coarse and fine 
delay settings which were calibrated with an oscilloscope. The 
delay unit could be eliminated from the circuit by an in - out switch. 
Another switch selected either the photo - flash or the source flash 
for firing. The delay unit also served as the power supply for the 
photocells. 

(d) Spectroscopic source flash. The source flash 
assembly (Fig. 5) consisted of a trigger gap, spark gap, high voltage 
power supply, source capacitor and a source flash lamp. The spark 
gap and the trigger gap are shown in Figure 6. The source flash 
lamp (Fig. 7) was constructed of quartz with two molybdenum alloy 


electrodes. The lamp was filled with 100 torr krypton and the flash 
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reached maximum intensity in 5 usec and decayed with a half life of 
15 usec. The source capacitor, Cornell Dubilier, NRG type 206 low 
inductance capacitor was 2.6 uf and was charged to 10 Kv. 

(e) Delay monitoring. Delays were monitored with a 
photocell, No.2, and the output was displayed on a Hewlett Packard 
Model 130 C oscilloscope. The traces were photographed with a 
Hewlett Packard Polaroid camera Model 196B. A typical delay is 
shown in Figure 8. Delay times were measured from the onset of the 
photo - flash to the point where half of the source flash energy 
had been dissipated. 

(f) Optical bench and spectrograph. The optical 
arrangement is shown in Figure 9. The quartz lens had a focal length 
of 25 cm and was used to focus the near end of the capillary onto 
the spectrograph slit. The collimator was of standard design and 
reduced the scattered light from the photo - flash to very low 
levels. - dhe oo eas was an Hilger Watts medium quartz Model 
E 498. Spectra were recorded on either Kodak 103a - O or Ilford 
HPS plates. M Hilger Watts neutral density wedge, positioned 
immediately in front of the entrance slit was used to calibrate the 
photographic plates to obtain. absolute optical densities. 

(g)  Chain.of events in one flash. When the manual 
switch was closed, the single pulse Tesla coil applied a high voltage 
pulse to the trigger wire which caused some ionization inside the 
photo - lamp, causing a decrease in the lamp resistance and a spon- 


taneous discharge of the photo - capacitor through the lamp. 
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0.5 volt/division 


output 


time) sec x 10 


photo - flash 50% of source flash 
initiation energy expended 


Effective delay time = 112 usec 


Fig. 8 Oscilloscope trace for delay setting 2/6 
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Photocell #1 saw the flash and its output was fed into the delay 

unit where it was delayed for the required time. After the delay the 
signal passed to the grid of the thyrotron and the "valve" was open. 
When the thyrotron began to conduct, the trigger gap electrode 
discharged to the spark gap causing some ionization between the 

spark gap electrodes. This ionization had the effect of decreasing 
the effective resistance between the spark gap electrodes to such an 
extent that the source capacitor was now able to discharge across 

the spark gap and across the lamp in series with it. Photocell #2 


saw the flashes and the output was displayed on the oscilloscope. 


MATERIALS 


The materials used in this work, their source, grade, and 
purification are given in Table I. Hydrogen disulfide was prepared 
fi 
by the method of enere . Ethylene episulfide was distilled from 


a heated mixture of ethylene carbonate and KCNS >>. 


EXPERIMENTAL PROCEDURE 


1) Static photolyses 

Reactants were measured into the reaction cell with a 
mercury manometer and allowed to equilibrate for one hour. The light 
source was also given a one hour warm up time. It was found that 
after a one hour warm up, the 2537 A line was completely self 


reversed in the medium pressure mercury are and consequently there 
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was no need to eliminate mercury from the cell. 

After irradiation,the cell contents were frozen in the 
cold finger and any non - condensables transfered by the Toepler pump 
into the gas burette. The material in the cell was warmed and 
refrozen twice to insure complete removal of all trapped non - 
condensables. The contents of the cell were then transfered to the 
analytical stage, fractionated and analyzed. 

If so desired, individual products could be atte in the 
G.L.C. trapping train and transfered to break seals for mass spectral 
analysis. Mass spectra were obtained on a Metropolitan Vickers MS2 


mass spectrometer. 


2) Flash photolysis and kinetic spectroscopy 

Reactant and product handling was the same as above. The 
capacitors were charged to the desired voltage, usually 9 Kv for 
the photo - capacitor, 10 Kv for the source capacitor. 15 micron 
slits were used throughout this work. A wavelength scale accurate to 
+ 2 k was recorded on the plate. Before a time delay sequence was 
started, the spectrum of the empty cell and of the cell plus the 
reactants were recorded. Since the photographic plate response to 
incident light was not linear, each plate had to be calibrated with 
a set 2: neutral optical density wedber sno D: values"0.0, 0.2, 2°45 
0.6, 0.8,.1.0,.1.2.. The delay, times were Ea chosen as to show the 


formation and decay of the intermediates. Two or three short delays 


of less than 50 usec were used to show the growth portion and then | 
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TABLE II 


Retention Times 


Column Retention 

- Compound Column™ temp. C time min. 
Oxygen IV 25 2:40 
Nitrogen IV 25 3:30 
Carbon monoxide IV 25 33:20 
Hydrogen IV Zo 1:40 
Carbon disulfide . II 25 Ase ls 
Carbonyl sulfide Til 0 beau 
Carbon dioxide eL 0 9 : 00 
Hydrogen sulfide Til 0 LG. 200 
Sulfur dioxide ie ae ae ee 
Methyl mercaptan i 25 3 = 00 
Ethyl mercaptan ye 25 te i be 
Vinyl mercaptan I ZO SAU 
Ethylene episulfide I 2 See 9.22550 
n - Propyl mercaptan 3 II 34 fie Te As 
iso - Propyl mercaptan . Il 34 ias s09 


a) column 1, 7 foot, 10% tricresyl phosphate on 


chromosorb W, 60 cc/min hydrogen flow. 
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TABLE LI 
(continued) 
column IT, 10 foot, 20% tricresyl phosphate on 
chromosorb W, 60 cc/min hydrogen flow. 


column III, 10 foot, medium activity silica gel, 


60 cc/min hydrogen flow. 


column IV 10 foot, molecular sieve, 60 cc/min 


helium flow. 


. sid 
¢ 
i { : Thiya) : oy 
- ‘ 


ex. G1 if arutlea> . i 


40 


roughly evenly spaced delays were used to show the decay. After the 
completion of the delay study a spectrum of the cell plus reactants 
plus products and one of the re-evacuated cell were recorded. Any 
absorption not appearing in the empty,the before and the after shots 
was attributed to intermediates. 

The photographic plate was developed for four minutes 
in Kodak D-19 developer and fixed in Kodak Rapid Fixer for five 
minutes. The plates were washed in running water for half an hour. 

Plate densitometry was carried out on either a Jarrel Ash 
Model 2310 recording microdensitometer or in the latter part of the 
work on a Joyce, Loebl Model MK III C double beam recording micro- 
densitometer. The calibration shots were used to obtain plots of 
densitometer reading against absolute optical density. From the 
densitometer readings for the intermediates, their absolute optical 
densities were determined and plotted against time. Optical density 


could be related to concentration by the equation 


where € is the molar decadic extinction coefficient, C is the 


concentration in moles per liter, and & is the path length in cm. 


3) Hydrogen disulfide 

Hydrogen disulfide was found to be very unstable, readily 
decomposing in the presence of moist glass walls, metals, rough glass 
joints, or basic compounds. Reaction cells and the mercury free 


vacuum system were preconditioned with HCl by allowing about 200 torr 
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anhydrous HCl to stand in these parts for about two hours. This 
conditioning made the walls slightly acidic and prevented decomposition 
without affecting the reaction. Since sulfur was formed as a 

product of the photolysis a reaction mixture could only be used 

once before the remaining substrate would decompose. Therefore, 

for delay time studies ten identical cells were filled at the same 

time to insure equal pressures. Each cell was flashed only once. 

The cells were cleaned after every photolysis with a solution of 

a” HF. 

Hydrogen disulfide was found to be unstable at pressures 
above 4 torr at room temperature or above -20 C in the liquid 
phase. At -45 C the vapor pressure was approximately 1.8 torr and 
this pressure was used for all studies. The trap containing the 
hydrogen disulfide was warmed to this temperature and the substrate 


was allowed to expand into the reaction cells. 
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THE PHOTOCHEMISTRY OF CARBON DISULFIDE 


A. RESULTS 


1. Short wavelength photolysis 


2. Long wavelength photolysis 


B. DISCUSSION 


1. Short wavelength photolysis 


2. Long wavelength photolysis 
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RESULTS 


i Short wavelength (A = 1950 - 2250 A) photolysis. 

Photolysis of carbon disulfide vapor under static conditions 
gave a brown polymer as the only product. When the photolysis was 
carried out in the presence of propane, the polymer yield was 
apparently not affected. In the presence of ethylene, the polymer 
yield decreased and ethylene episulfide was found as the only volatile 
product. 

When 5 torr carbon disulfide was flash photolyzed in the 
presence of 50 torr carbon dioxide as diluent gas, the transients 
detected by kinetic spectroscopy were So Cres S5 Gr), and 
cS Ray The singlet and the triplet states of S» were observed 
in their respective ground vibrational states even at the shortest 
delay time, 20 usec. CS was observed to be vibrationally excited 
up to the v) =*32level. 

The series of absorption spectra, Plate 1, show the 
formation and decay of the intermediates. The spectrum of CS was at 
maximum intensity at the shortest delay and did not change over the 
delay range used. The CS (0,0) spectrum was visible for several 
minutes after the flash. The vibrationally excited states on Cocale 
relaxed to the v'' = 0 level. The S, Ca.) spectrum reaches maximum 
intensity at 27 usec and ete within 70 usec. The corresponding 


times for S5 (725) are 70 and 500 usec respectively. 


5 (A OPSS - OROL = 4) tee 
~~ 1gev obtildeth goes. to eae 
Pea 7) - PA) is. 
_iavbgsq vba sda es zenylag: wee" 
‘ < 
as107q 20 Sa@beaat’ pi 


ond A soba ote 


ajbitivel@e sae oe Bit le 


Ve oy 
i] 
feos lt wneten 7 


wilh es shia kh; vontey 
ft 
rst | rae oT 90qR alts 


owt 


> 


va ee 


eae ik! 


A 
O9€ 
OFZ 
OsT 
c9T 
O€T 
Ett 
C6 
02 Ae 
ezc 
36uets 


fon 2203 06 «+ “SO 1203 S 


i 6 + 13,4) 
ieee 
dug a 
” 
: 1! oe 
7 aa 
- T_T 
_ Th 
: ii 


fowt3 zsuTtebe eiqo0eds 


Pe ae we ee 


RUS ee) So) 
I T 
I 


(Z-0) Ce bee a eT) Oe 


mal oe 


(2 
+ 


45 


The effect of diluent gas was examined by carrying out the 
flash photolysis of 5 torr carbon disulfide in the presence of 50 torr 
Sceon, 50 torr carbonsdioxide and 5 torr.nitric oxide + 45 torr 
argon. The following results were observed: 

a) The spectrum of 7) (7a) Lars strongly in the 
presence of carbon dioxide but only weakly in the presence of argon 
Crenicric oxide, 

b) The effect of diluent gas on the formation and decay 
of Ss, Cr) is shown in Figure 10. The rate of So formation was 
highest in the presence of nitric oxide and slowest in the presence 
of argon. The rate of decay showed similar dependence on the 
diluent gas. 

c) The vibrationally excited CS was relaxed rapidly by 
carbon dioxide but only slowly by argon and nitric oxide. 

d) In the presence of nitric oxide,a new absorber was 
detected. The weak spectrum appeared in the region A = 3500 - 

4300 A and consisted of twenty unevenly spaced bands. The spectrum 
reached maximum intensity within 100 psec and decayed within 400 
usec. 

The flash photolysis of 5 torr carbon disulfide in the 
presence of 100 torr ethylene gave ethylene episulfide as the only 
stable product. The te of CS was observed by kinetic spectro- 
scopy but the spectra of both the singlet and the triplet S, were 


absent. 
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he Long wavelength (A = 2800 - 3600 A) photolysis. 

The long wavelength photolysis of 20 torr carbon disulfide 
vapor resulted in a brown polymer as the only product. The addition 
of 100 torr ethylene or 100 torr propane caused a decrease in the 
polymer yield but no volatile products ee be found. However, 
when the photolysis of 20 torr carbon disulfide was carried out in 
the presence of 100 torr aoe in a Vycor 7910 cell (transmitted 
} > 2290 A), the polymer yield decreased markedly and carbonyl 
sulfide and sulfur dioxide were formed in the ratio of 1:2. The 
photolysis of the same mixture in a pyrex cell (transmitted i) > 
2900 A) resulted in the formation of sulfur dioxide only. 

In the flash photlysis of 7 torr carbon disulfide in the 
presence of 400 torr nitrogen as diluent gas, the transients detected 
by kinetic spectroscopy were S, om and CS (ty) in the v'' = 0 
and 1 vibrational levels... The S5 spectrum reached maximum 
intensity within 35 psec and lasted for about 500 usec. The CS (0,0) 
band lasted for several minutes but the (1,1) band decayed within 
100 usec. 

The spectra of CS and S5 Ware detected in the flash 
photolysis of 20 torr carbon disulfide in the presence or 80) tore 
ethylene but the 7) spectrum was weaker than in the presence of 
nitrogen. Ethylene episulfide was not found. From the flash 
photolysis of 3 torr COS + 30 torr cS, + 90 torr butene-2 + 280 torr 


No, CS and S, were observed and butene-2 episulfide was isolated. 
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However, when carbonyl sulfide was omitted from the above mixture, 
no episulfide was formed but > and CS were still observed. Again 
the S5 spectrum was weak. 

The flash photolysis of 22 torr oa in the presence of 
90 torr oxygen and 280 torr nitrogen as diluent gas resulted in the 
complete suppression of the 55 Spectrum while the CS spectrum 
was not much affected. Sulfur dioxide was the only volatile 
product and its spectrum only appeared at delay times greater than 
l mBec. The spectra of SO or S50 were not observed. In the absence 
of diluent gas, the CS se 05 mixture exploded yielding carbon 


dioxide and sulfur dioxide in stoichiometric proportions. 


Luminescence measurements. 

Figures 11 and 12 show reciprocal Stern-Volmer plots for 
the intensity of luminescence, I, vs. pressure of carbon disulfide 
and oxygen respectively. The exciting wavelength was 3000 A. The 
luminescence intensities were approximately corrected for absorption 
by dividing the measured intensity by the total percentage of light 


absorbed. 
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DISCUSSION 


Ai Short wavelength photolysis. 

The rapid appearance of the CS spectrum in the flash 

photolysis of carbon disulfide indicates that the decomposition 
produces CS and S. This view is further demonstrated by the fact that 
ethylene episulfide is formed in the flash photolysis of CS, - CoH, 
mixtures. Gunning and Strausz-~ showed that seen) atoms add to 
olefins to produce an episulfide but do not react with paraffins. 
S (tp) atoms also add to olefins but the products are an episulfide 
and a vinylic mercaptan. 5S (1p) atoms also insert into paraffinic 
C - H bonds to produce a mercaptan. Since only ethylene episulfide 
was formed and no reaction was observed with propane, the sulfur 


atoms formed in reaction {1} are in the 3p state. 
Eee CS. (hy) es ran Sag) {1} 


This observation is in agreement with the results of Call bea” 
From the short wavelength photolysis of carbon disulfide, he 
3 ; ; is 

detected $ (P) atoms by kinetic spectroscopy. § (‘D) atoms were 
not observed. 

For reaction {1} to follow spin conservation rules, the 
excited CS molecule which dissociates must be in a triplet state. 

y) 

However, the short wavelength absorption region has been shown to 


i Shey 
correspond to a transition from the me ground state to the B, 
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excited state. The excited molecule could cross to the nearby 33 
sree and decompose. 

At short delays the CS vibrational levels are populated 
up to the v"=3 level indicating that the CS is produced vibrationally 
excited in reaction {1}. Since D(SC = S) is 110 eee as and the 
exciting wavelength has an average energy of about 140 Kcal/mole, 
the excess energy is capable of populating the v''=7 level. However, 
the mechanism of excitation is uncertain. Vibrationally excited CS 


is relaxed through collisions with the diluent gas. 


* 
BS eee Mee Cn. ge teakMe {2} 


The long lifetime of the ground state CS, 4 minutes in a 2 cm 
diameter cell and 20 minutes in a 5 cm diameter cell, indicates that 
the fate of CS is diffusion to the walls and subsequent 
polymerization. The polymer may return carbon disulfide to the 
vapor phase. 

The appearance of the S, "A. and the S, Cr) Spectra 


indicates that the fate of the sulfur atoms is recombination via 


25S ree + M > M Be ts r) Be ds 


cae ‘Uniee teemseute a) L4it 
2 g 


S5 Ch ) is relaxed to the ground state by collisions with the 
2 : 


diluent gas, (vide infra). 
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tS rt sone S aM {6} 


(vide infra). 
Basco and Padrson’ have recently proposed that the 
recombination of sulfur atoms proceeds by complex formation with 


carbon disulfide, namely, 
ee et Ce BCS {7} 
Coat goes CS + § {8} 


The results of this investigation are consistent with such a 
mechanism. Figure 1 shows the formation and decay of S5 CE) as a 
function of different diluent gases, namely, argon, carbon dioxide, 
and nitric oxide. Argon is expected to be much less efficient a 
third body than carbon dioxide or nitric oxide. The fact that the 
rate of formation of a5 is very nearly equal for argon and for 
carbon dioxide suggests that it is not the diluent gas but rather the 
carbon disulfide that is responsible for the recombination rate. 
Thus the above mentioned scheme seems reasonable. The presence of a 
small amount of nitric oxide causes a sharp increase in the 
recombination rate as shown in Figure 10. This increase is best 


attributed to a complex formation with nitric oxide, 
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3 
S (CP) + NO 


ty 
1c) 
Z 
Oo 


LoS 


5 
SNO + S (P) + NO + S, {10} 


Since s CA) was detected in the recombination of S (7) 
atoms, the above mechanism must be altered to account for this fact. 
In the reactions {8} and {10}, Ss, not only represents the a 
state as implied by Basco and Pearson, but rather all states that 
could result from the recombination. By comparison with the 0, 


molecule, So has three low lying states, the ground ae and the 
a and 1 ak metastable states’>. All three states correlate 
with two S (7p) atoms. Therefore, the recombination of two ground 
state $ atoms should produce these states in the statistical ratios 
of 3:2:1 respectively. Although the ” state has not been 
detected, probably due to instrumental limitations, the presence of 
the 1h State does show that ground state atoms can recombine to 
higher electronic states. From this observation,it follows that 
reactions {8} and {10} do not correctly represent the formation of 
Ss, CE). The collisional relaxation of the excited states to the 
ground state must also be considered. 

The spectrum observed in the 3500 - 4300 A region in the 
presence of nitric oxide was at first attributed to SNO molecule 
but Bee tere work, (vide infra), showed that the spectrum is more 


plausibly attributed to the species a The formation of Ss, is best 


described by the mechanism 
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NO + s (>p) ~~ SNO {11} 


3 os 
SNO + o ra > NO ait S 


Ss, decays to sulfur polymer. The presence of S, causes a further 


3 
complication in the kinetics of = formation and decay. However, 
since the amount of S. formed could not be determined, its importance 


3 
could not be established. 


Long Wavelength Photolysis 

The only products observed when carbon disulfide was 
photolyzed alone or in the presence of ethylene or propane was a 
brown polymer. Since there was no product formed with ethylene or 
propane, the polymerization does not involve S atoms. The flash 
photolysis of carbon disulfide also produces polymer but again there 
is no reaction with ethylene or propane. However, CS and Sy (PE) 
were observed by kinetic spectroscopy. The transients must have 


been formed by some means other than S atoms. A reasonable 


mechanism is 


cs, + hv: +> CS {13} 


1+ 3_- 
So Gb + § r 14} 
cs Le. CS SA Kae | =) suis 2 { 


This scheme is consistent with the simultaneeus formation of CS and 


S Further support for this mechanism is given by the observation 


ya 


that the presence of an olefin causes a decrease in the amount of 


ue. + wes + iat 
Hy 1 tt ioe ' 4 
" cc 

a icy i 


25 tees 9@ to somReRG st eet ? 48 08 


£ i | 
i bas noite °* crs as? base ro. 
te utinvessb of. dom Digos), Dawson e* io. : a 

- 


2 + ou 8) 


nM 
shada dane * a 
we! a net 


= ; ; + ie : i ao 
© y 
etelor ods ng W 


i oe | A 5 
reo .oetie bevbeado ahha al oft 


ic gual ydee Ro sonanene oid at. 10. side fe 


[yri2u diode baa? Joule tg on, baw ania, oe come a 
as 7 
Tak /2i j rixvouk Duy aso5 aokiagtts . 


5 tut rsevier esoubowg mike abi twenty a seo 


rE 
iia 22 .yevevod 7 ONBGOFG, 9 aug hs por 


- 
j 
i 


“* - VY 
tnpteres) ad? 092013 gs sana va 

er 
‘ i, Z & ‘ em 53 & a4 smal m afte we ome - 


e 30 Isux02 ‘vocnustuaite ads 
noljevesedo edt yO mavig ak ma 
to Snvomn 343 nt veneennttiag a x. 


} vs 7 (ocas 
wn a) es a 


56 


Be formed without the formation of a stable product. Higher pressures 


of carbon dioxide, a good deactivator, had a similar effect. Thus, 
% * 
CS, ep ee CS + M 1135 


The absence of the Sy Ch.) State is a further indication 
that 2 is not formed by S atom recombination. The absence of the 
singlet state also gives an insight into the electronic state of the 
cae involved in the reaction. It has been Pe ee that the 
absorption in the long wavelength region corresponds to a transition 
from the ground mE Stace to the as component of the a, ore ee 
Thus, in reaction {14}, the formation of = in a singlet state would 
violate spin conservation rules. This finding also supports the 
mechanism proposed for 5 formation. 

In the flash photolysis of ooh - 0, mixtures, the - 
spectrum is completely suppressed while the CS spectrum remains 
essentially unaltered. Sulfur dioxide is the only volatile product 
and its spectrum only appears at delay times greater than 1 msec 

4 


3 
suggesting its formation via the superoxide (S00) . A mechanism 


consistent with these results is 
Ce Fay ct SO 4. fc5* .it (S00 {16} 
Z 
soo + M > sO, + M* {17} 


The fact that carbonyl sulfide is formed in static photolysis but not 


under flash conditions and that the CS spectrum is decreased by a 


i) 


oue 


int tidgtent #5 28 vig were, oy a’ 0) 

seul 2% = Ren) Bdrm ay add skits 
; fa 
: a 
igasinvew gaol sit ae 


— 4 ¢ 
,* 7 a3 77% a & 


ane 
: ‘ arts ¢ (At) sits 7 a rt 
i; oe ie A 
al rm — 
as ms vo eure ea a 
© = sot boeo 
< von } meth 
“a oa > Leviotord t Boalt mas 
: i 
> of3 olive ba as Type, vi sao gna 


= 
* - 


j t #! 6b440R3., te #8 bias Libead * 
Py Lae gue a ae : 


&3qgs vane mi TEs 
as Ne 7 


%) sbixneteque. off 82 ey sokiente yal 
ph 


a 
iy 
ai 
rts 

Atal 


- 
eo 
o 


oiteaa nt barca ed: 


=) (MIs VS_e 


ay 


factor less than two upon the addition of oxygen can be best explained 
by the assumption that ground state CS does not react with oxygen 
but that electronically excited CS formed by secondary light absorption 


does. 
cs Ge +. hv =. cS (tn) {18} 
| 3 
Comer) + O A lad 8) Oh feat” celal «bad Gal {19} 


This mechanism is further supported by the fact that carbonyl 
sulfide is not formed when the static photolysis is carried out in 
a pyrex vessel (transmitted A > 2900 A) (CS does not absorb in the 
ultra violet above 2589.6 A). 

Heicklen has observed luminescence from carbon disulfide 
vapor illuminated in the long wavelength absorption eek ely 
He found that the vibrational energy of the excited state was not 
dissipated by collision before emission and the lifetime of the 
excited state was estimated to be 3.3 x ne sec. Thus another 


relaxation process must be included, namely, 
Cs eee Coe ete {20} 
2 


Assuming that only reactions {14} and {16} are quenching processes 
in the presence of carbon disulfide and oxygen respectively, the 
relative rate constant kj, / ig could be determined by the 
measurement of the luminescence intensities. The intensity of 


luminescence, Ips is given by the expression 
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20 


In the presence of oxygen, this expression becomes 


wh Ke (Ga). ot ies 
1 ae Pe ak 16) 2 


Ko9 


Figures 11 and 12 show reciprocal Stern-Volmer plots for the intensity 
of luminescence vs. pressure of carbon disulfide and oxygen 
respectively. The slopes can be equated to ky4/ko and ki 6/Ko9 

but since 1, is only proportional to the absolute luminescence 
intensity, only the ratio of the two slopes has any significance. 


The ratio of the two slopes and thus kig/kr¢ = 7.6. Therefore, 


hL 
CS, is about eight times as effective at relaxing cS. as is oxygen. 


In the flash photolysis of CS, =F 05 mixtures, it was 


found that a 4.5 fold excess of oxygen was sufficient to suppress 


S. formation below the limit of detection. However, reaction {16} 


could only account for about a 50% decrease. Iwo possible explanations 


can be offered. First, that S, undergoes rapid reaction with oxygen. 


2 


: : 7 : : 
This can be discounted since Wright found that a did not react with 
oxygen. The second possibility is that there are more than one 


kind of O58 involved. The long wavelength absorption region of 


carbon disulfide has been shown to be made up of transitions to 


several electronic states 19, Thus, some of the higher lying states 


will react via {14} while the lower energy states will react via 
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cS. + CS. > 2 cS, eras, 


7 
Reaction {21} has also been suggested by Heicklen as the luminescence 


quenching step. Oxygen on the other hand reacts with any of the 
excited states of CS, This high reactivity is consistent with the 


high combustibility of carbon disulfide. 
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CHAPTER IV 


THE FLASH PHOTOLYSIS OF CARBONYL SULFIDE 


RESULTS 


DISCUSSION 


+ 


--%; ee 
5 2eyloror? nae Gar 
Se ae 


aoe pete = 


61 


RESULTS 


The transients observed in the flash photolysis of 1/ torr 


3 


th a 
COS were S, ( Sea tae SO as The stable products of the reaction 


zZ 
were carbon monoxide and sulfur. The series of absorption spectra 

in Plate 2 show the formation and decay of the transients. S, Ga ) 
reached maximum concentration within 240 usec and decayed within 

550 usec. The corresponding times for So CE) were 300 usec and 3 
msec respectively. 

The effect of carbonyl sulfide pressure was examined 
using 7, 17, 31, 65, 192, and 410 torr pressures. Increasing carbonyl 
sulfide pressure had the following effects: 

a) The rate of formation and the rate of decay of 
S. Cae) increased as shown in Figure 13. 

b). 2 aLhe 7) Ca) spectrum could only be observed at COS 
pressures of 65 torr or less. At higher COS pressures, the COS 


1 


continuum caused total absorption in the S, ( oy rections -Llablestit 
shows the effect of increasing COS pressure on the rate of formation 
and the rate of decay of S5 Gh) 
c) At 410 torr COS a new transient spectrum appeared 
in the region of 3500 - 4300 A. The spectrum consisted of twenty 


unevenly spaced, diffuse bands degraded to the red. The absorber 


reached maximum intensity within 100 usec and decayed within 500 usec. 
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The flash photolysis of 7 torr COS in the presence of 400 
torr ethylene gave ethylene episulfide, vinyl mercaptan, and carbon 
monoxide as stable products. No transients were detected. The 
CO yield was 1.27 wmole/flash. When the photolysis of 7 torr 
COS was carried out under the same conditions but without the added 
ethylene, the CO yield was 2.51 umole/flash. The CO yields from the 
flash photolysis of 50 torr COS and from 50 torr COS}+ 500 torr 
ethylene were 1.01 and 0.53 umole/£lash respectively. 

The flash photolysis of Se oonraetd ide was also 
investigated in the presence of a large excess of carbon dioxide. 
Two mixtures, 17 torr COS + 600 torr CO, and 31 torr COS + 850 torr 
co, were examined. The transients observed were 5, Ca), S, Cr). 
and the 3500 - 4300 A band system. The growth and decay of the 


triplet S, are shown in Figure 14. The S, (Ag) could not be 


2 
densitometered due to background absorption by COS but an estimate 
of the time required to reach maximum intensity and to decay below 
the limit of detectibility are given in Table Til. @ehesyields ofmCo 
were 1.61 and 2.25 umole/flash for the above mixtures respectively. 
The CO yields for 17 torr and 31 torr COS without the added CO, were 
Brepeand: 4.56 umole/flash respectively. 


The transient spectrum in the = 3500 - 4300 A region 


was examined under high resolution. The following COS and added 
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gas mixtures were used to generate the carrier of the spectrum: 


ym omcorc (Oona 0 totm NO; .b)je 30 torr COS +.390 torr CO c) 400 


9? 
torr COS. The spectra, taken at 80 usec delay, are shown in Plate 
3. Under high resolution, some of the bands show rotational fine 


structure. Some bands which under low resolution appeared as a 


single band resolve into two or three separate band heads. 


DISCUSSION 


The simplest mechanism that will account for the observed 


products and for the transients Se 


1 
COS. Bea try Beco. + SOD) {1} 
1 il 
mice =: eC cage CO” E Sp ( 1) {2} 
S (eA eee i Ses (327) + M* {3} 
2 g 2 S 
3 = 
OF Se (whine al eS + OMe {4} 
2 g 4 


Reaction {1} has been demonstrated by trapping the sulfur atoms 


23 and reaction {2} has been proposed to account 


for the the quantum yield of CO being 1.8). The importance of 


with hydrocarbons 


reaction {2} in this study is demonstrated by the fact that the 
addition of a large excess of ethylene to carbonyl sulfide reduces 


the CO yield exactly to one half owing to the scavenging reactions: 
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> CH, CHSH {6} 


The decrease of the CO yield to exactly one half shows that the fate 
of the singlet sulfur atoms produced in reaction {1} in the absence 
of an olefin is abstraction via reaction {2}. This fact precludes the 
recombination of sulfur atoms. 

For spin conservation rules to be obeyed, the os formed in 
reaction {2} must be in a singlet state. Two low lying singlet 
states of 2, are the i and the of) states, 13 and 24 Kceal/mole 
above ground state eset reree’. Since the exothermicity of reaction 
{2} for the formation of ground state sy is 55 Keal/mole, the 
formation of both singlet states is energetically possible: So CA) 
has been observed, Plate 2, but the oa has not been detected. This 
does not preclude its formation since its absorption spectrum may 
lie in a region of the spectrum inaccessible with the equipment 
used. 

The abstraction reaction {2} has been stated to be a fast 
process, proceeding about twice the rate of S (1p) atom insertion | 
into paraffinic C-H bonds which is an indiscriminate process and hence 
of high carpet ce ees This point is further demonstrated by the 
results to be discussed in Chapter VII. In the flash photolysis of 
cos. - CH, mixtures the transient HS is observed in absorption. Its 


formation will be shown to be due to the reactions: 
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* 
CH4SH | > CH imp | esis, 


It was observed that the HS appeared at maximum concentration at 

the shortest delay, further indicating that the insertion reaction 

is indeed very rapid. Since the insertion reaction is fast, and the 

rate of reaction {2} proceeds at about twice the rate of insertion, 
2a EL 

from gas collision frequencies, a rate constant of the order of 10 

oi. ~1 

M sec would not be unreasonable. However, from Table III, the 

; dt : ; 
formation of Sy ( As) is much slower, corresponding to a rate 


Same = 
| Ore) i 1 5ec + Thus there appears to be a 


constant of about 10 
slow process between the first interaction of S (1p) with COS and the 
formation of S, er 

This slow process becomes further apparent when the 
formation and decay of the singlet and the triplet 2s are examined. 
The maximum of the triplet curve appears at about 70 to 100 usec 
after the singlet ae has reached maximum intensity and not after it 
has decayed, as is the case in other systems (vide infra). This 
observation indicates that the singlet is formed by a slow process 
and decays by a fast process. That the a Cay) never attains a 
high O.D., concentration, is indicative of just such a sequence. 
This slow step will be discussed later. 


vi 
The fate of S5 ( A.) is collisional relaxation to the 


5 ie 
ground Le state by the diluent gas. Radiative relaxation can be 
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neglected since the transition 


is strongly forbidden. For oxygen, the corresponding transition 
has a half life of one wanes . Diffusion to the walls can be 
neglected since such a process would be too slow to account for 
the rapid decay of > (A,). 

Figure 15 shows the plot of neon against time for 
S5 eo. Since the data points define straight lines, the decay 
of So is a second order process with respect to S5 Cr). That 
the slopes increase with increasing pressure indicates that a 
third body is required for the recombination. The second and 


third order rate constants for reaction {4} can be calculated from 


the slopes in Figure 15 using the equation 


ky, ThE Seta seg? 


where S is the slope, ¢ is the molar decadic extinction coefficient, 
and 2 is the path length in cm. The values of ky are listed in 
Table IV. Since the third order rate constants show good agreement, 
the decay of S, ap is well described by reaction {4}. 

The results of the flash photolysis of carbonyl sulfide 
in the presence of a large Bipesd of carbon dioxide can be best 


explained by the mechanism: 
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EOS). + “hy SeCUE + |S (1p) {1} 
1 3 * 
Serle) ers: co, Poms Sis( 2) leah co, {7} 
3 
2S( PP) +. M ~ s, + M* {8} 
Sma( ide thet Steaa'S Gliptoet es Ms {3} 
z. g 2 ah 
f — we 
Z S, ( re) + M > S, + Ms {4} 


The relaxation of S (1) to the ground state by CO, has been 
demonstrated in several studies2!»23, The fate of the 5S (>) atoms 
has been shown to be an abstraction reaction when the photolysis 


was carried out at low light intensities, 
S (3p) eUeCOS, iy COs to tS {9} 


since the quantum yield of CO was found to be 1.8, and the CO yield 
was reduced to one half upon the od daadoen, of a large excess of an 
olefin. At very high pressures of carbon dioxide, there was a 
decrease in the CO yield and this was attributed to S atom 
recombination via reaction {8}. The rate of reaction {9} was shown 
to be about 30 times slower than reaction [2]. 

In this a: the addition of a large excess of carbon 
dioxide reduced the CO yield to one half the yield in the absence of 
cO,- This decrease indicates that the sole fate of the S (3p) atoms 


under flash conditions is recombination rather than abstraction. 


¢ 
"00 + (278 
aw & ¢ 
s 
+ 8) 2 
2 
4 4 » 


and <00 {0 Soar EA Adi Rat, 


r ia 
to $361 gar Ef Spe tia lakers fa 


¥ rin a on é ‘i 

13 asvlv noljpest noldoaysedy me. ade " i 
‘ eg 

aan tensaa ddght wot, aa a 


~ 


hee a . : 
‘~ ines rp 
{ 7 OO” + 2 a 
“) le "a 
5.0 sd of bavol sey OG) ie 
3 naa optefl @ 20 nots tbha 9ii4 — 
BR &5w st taxis ixolb nodes. to. aeusek 
oe he 
mote 203 hetedtivigs sew olds ban 2 
7 .) 
f ie asw.(@} nolseser Yo eter sit 7 we “ obs 
rn 
' - [S] poison ne ay oe 
odte> 3a oxo squeal s Yo #olaet 


ee 
, 


o gonSed3a. ond at bfaty oid tind Ss 

a : lp 4 

emnjy (9°) 2 arto 4c sont eine ads 968 
- oo Ph 

-Nolioatieds sed? 294303 B05 wil 

ae © it on 


is 


This view seems reasonable since under flash conditions, the 
momentary concentration of S atoms is at least 10° greater than in 
static systems with the result that radical - radical reactions can 
compete effectively with radical - substrate reactions. 

The fact that under flash conditions S$ (?P) atoms 
recombine rather than abstract has an important bearing on the photo- 
lysis of carbonyl sulfide. It has been suggested that in the static 
photolysis of COS up to 26% of the S atoms are formed in the 35 state 


directly by the spin forbidden step: 
COsmeet  ghv mat CO. “toe 5 (72) {10} 


This step was proposed to account for the fact that. about 262 of;the $ 
atoms produced in the primary step could not be scavenged by paraffins 
and were thus shown to be in the 3p state. Since.in the flash 
photolysis of pure COS all 5 atoms underwent abstraction and $ (Pp) 
atoms were shown to recombine, the S atoms formed in reaction {1} 

must be in the My state. The accuracy of the CO yield measurements 

is about + 5% and thus the gross error in the two CO yields may be 

as high as 10%. However, the CO yields are the result of 12 flashes 
and four measurments and the error would not be expected to be as 

much as 10%. Thus, for the most part, it is not reaction {10} but 
some other process that is responsible for the production of S (7p) 


atoms in COS - paraffin systems. This point will be discussed later. 
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Reaction {8} has been shown in the previous chapter to be 
the fate of triplet sulfur atoms. The 2 Cr) spectrum reaches 
a maximum intensity as the So Ca.) has nearly completely decayed, 
suggesting the scheme of reactions {3} and {4}. The decay of Ss, Ci) 
is a pressure dependent, second order process, as shown in Figure Lo, 
with second and third order rate constants given in Table IV. 

The recombination reaction, {8}, is proposed to proceed 


via the complex chaperon mechanism similar to that Found) tor tne 


S 
recombination of S$ ( P) atoms in the presence of carbon disulfide: 
3 < 
Sa CaP) cg COS ce COS {11} 
COS 5 5 S (Pp) > Cos ae 5 le 


where S_ again represents the three possible states of S59 namely, 
=o ae and he 

The complexity of the transient spectrum in the 3500 - 
4300 A region precludes the fact that the carrier of the spectrum 
is a diatomic molecule in its ground vibrational state. The carrier 
of the spectrum is not a vibrationally excited diatomic molecule, 
since the relative intensities of the bands remain constant as the 
absorber decays from the system. Basco and Pearsons observed this 
spectrum in the flash photolysis of CS, - NO and COS - NO systems 
but made no assignment as to its coins They did suggest that the 


spectrum bore close resemblence to NO,- The fact that the spectrum 


is observed even when NO is absent indicates that the carrier can 
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not be the species SNO. COS, is precluded by the fact that the 
spectrum is observed in the a - NO system and the bands match 
the bands observed in the COS system. Therefore the carrier 
molecule is most likely composed of sulfur atoms only. 

- can not be the carrier since in other systems, low 
pressures of COS, HAS, HSo> and ethylene episulfide, where 
s Cr) is formed in large amounts and decays by recombination, 
the spectrum is not observed. The most likely carrier of the spectrum 
is a This assignment seems reasonable since the spectrum is 
observed in systems where $§ (7p) atoms are not only formed but 


where the S atoms are capable of forming a complex such as SNO or 


ee In the presence of NO, oe is formed via 


5s @P) + NO + SNO aly; 
We ene Bee Aye PO FP Mg {14} 
2 8 3 
SNO has been suggested by Basco and eas ae . In the presence of 


COS, the proposed mechanism for the formation of S3 is 
3 > 
s CP) + cos < 05, trot 


i S ee Cos 16} 
cos, + Ss, ( ee > 3 { 


1 
S (>) atoms are formed by the relaxation of S ( D) by CO, and NO. 
That the spectrum of 54 is also observed at high pressures of cos 
indicates that COS also relaxes the singlet sulfur atoms. This 


point is in agreement with previous low intensity results. 
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Triplet sulfur atoms are also produced in the flash 
photolysis of HAS - oe mixtures: (vide' infra). The fact that the 
spectrum of S43 is not observed in that system indicates that co, and 


3 
S ("P) do not form a complex such as CO,S to any significant extent. 


2 
This is in agreement with the results found in the flash photolysis 
of cS, = OF mixtures where it was found that the S atoms recombine 
via the CS, chaperon and carbon dioxide has little effect on the 
recombination rate. 

It has been shown that although reaction {2} correctly 
accounts for the stoichiometry of the reaction of S (1p) with COS, 
it fails to explain the slow formation oF S, CA.) Basco and 
peareen” have investigated the flash photolysis of carbonyl 
sulfide and found that the rate of 7 formation was proportional 
to the pressure of COS over a narrow pressure range — Uo ton ac U 
torr COS - and that the activation energy of = formation was 


negative. To account for these findings, they proposed that 25 was 


formed via 


coe teas > COS +e 3 


This mechanism does not permit the quantum yield of CO to be greater 
1 
than 1 nor does it consider the role of S5 ( — and must therefore 


be rejected. 


A mechanism that will explain the results of this 
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investigation, the results of Basco and Pearson, as well as earlier 


low intensity studies, is proposed to be 


COstee Pe ‘try a ele C8 aes ty eS (1p) {1} 
1 bs 
Gost ts | -S*("D) BA cos, tA By As 
cos , PE S00 PERE MES (ty ) {18} 
2 g 

2 S Wy g 1” {3} 
7x5 57) tim the tripis - | Mx 

D g I 4 * {4} 


This mechanism does not alter the fact of abstraction but merely 
proposes a mechanism consistent with the rapid removal of S (1p) 
atoms by COS and the slow formation of S, Ca,). | 

Thus it is proposed that S$ (1p) atoms react rapidly with 
COS to form COS, and the equilibrium is rapidly established. Once 
COS, is formed, it will not react with olefins or paraffins and the 
CO yield will not be reduced to one half, hence the need to use large 
excesses of hydrocarbons to scavenge the S (1) atoms. The cos, 
then undergoes unimolecular decomposition to yield Ss, and CO. At 
low pressures of COS, the rate of S5 ( — formation is slow since 
the concentration of ores is low. As the pressure of COS is increased, 
the equilibrium is driven to the right and the concentration of 
ee increases, resulting in a more rapid formation of Ss, EPs Pay .5 s 


g 


very high pressures of COS, the mechanism predicts that the rate of 
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- production will be independent of COS pressure and will depend 
mainly on the amount of S$ (oy, and hence POP es produced in reaction 
Piiedhatuthice is,so can be,seen.in Table Iil, and Figure sl3. In, the 
pressure region of 17 to 65 torr COS, the rate of S, production 


is directly proportional to COS pressure. Above 65 torr, at 192 torr 


and 410 torr, the rate of triplet S, production is independent of COS 


Z 
pressure. At these pressures of COS, the S5 Ca) Spectrum cannot 
be observed due to interference from the COS continuum, but since the 
relaxation of singlet to the triplet is very rapid, the formation of 
the triplet closely parallels that of the singlet aude soeLt can be 
stated that the formation of the singlet is also independent of COS 
pressure. 

The negative activation energy obtained by Basco and 
Pearson can be explained in terms of the equilibrium reaction {17}. 
Since the reaction is exothermic, any increase in temperature would 
shift the equilibrium to the left with the result that the rate of 
By formation is decreased. The mechanism is also consistent with 
their finding that the rate of 85 formation is proportional to the 
pressure of COS as explained above. They also observed that the 
addition of an inert gas caused a small increase inthe wate.of 
S, CED) formation. This may be attributed to the increase in the 
collisional relaxation of S, (7a, via reaction {3}. 


The quantum yield of CO in the low intensity photolysis of 


cos - CO, mixtures and in the mercury photosensitization of COS is 
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1.8, while in the flash photolysis of COS - CO, mixtures the quantum 


2 
yield is 0.9. Therefore at low light intensities,S (7p) atoms 
abstract from COS while at flash intensities, and hence much higher 


concentrations, they primarily recombine. This light intensity 


effect can be best described in terms of the following mechanism 


3 | 
SA@pyhitete cos z *cOs, {11} 
3 3 | 
COs, - iS (Py = ces, + 35 ry 
3 
COs, > CoO + Ss, {19} 


The superscript is used to differentiate the COs, formed in {11} 
from that formed in reaction {17}. 

The proposed mechanism is consistent with the results of 
low and high intensity studies. At low light intensities, the path 
of the reaction is mainly reactions {11} and {19} as evidenced 
by the CO quantum yield of 1.8. This seems reasonable since the 
concentration of S atoms under static conditions is very low. The 
abstraction process is slow since the $ Pp) atoms are easily 
scavenged by added SeCCR 
Under flash conditions, the reaction proceeds mainly via reactions 
{11} and {12} as evidenced by the CO quantum yield of 0.9... This 
seems reasonable since under flash conditions, the 5 atom concentration 


is at least 10° higher than under static conditions and radical - 


radical reactions occur more readily. 
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Therefore under all conditions, reaction {1l} is the most 
likely reaction between 5 (7p) and COS< Lf. thess “atom concentration 
is sufficiently high, recombination will occur in preference to 
abstraction. If the S atom concentration is low, the rate of reaction 
{12} is slow and is replaced by the abstraction reaction {19}. 

An estimate of the recombination rate constant can be 


made from the growth portion of the S$ CE) curve in Figure 14. 


2 


This rate constant 1s. about’ 7 x 101+ eee for 17 torr COS + 600 


torr CO.. However, only 50% of the S, is formed in the 357 state 
2 2 & 

2 fey ° i Gg 2 1 ap . 
with 33% formed in the A, state and 17% in’ the Ke state. Since 
these singlet states are relaxed to the triplet at rates that could 
not be determined in this study, the recombination rate constant 
is only an estimate. However, the value is of the right order of 
magnitude since atomic recombinations proceeding by a chaperon 
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CHAPTER V 


THE FLASH PHOTOLYSIS OF ETHYLENE EPISULFIDE 


RESULTS 


DISCUSSION 


- 


RESULTS 


The only important transient in the flash photolysis of 
ethylene episulfide was Ss, Ops Very weak spectra of CS, HS, and 
HS were also observed. The series of absorption spectra in Plate 
4 show the formation and decay of the intermediates. The products 
of the reaction were ethylene, elemental sulfur, and about 10% each 
of hydrogen sulfide and acetylene. 

The flash photolysis of ethylene episulfide was carried 
out at three pressures, 10, 13, and 19 torr. The 55 Cz) Spectrum 
was densitometered and the O0.D. vs. time plots are shown in Figure 
17. vihe spectra’ of CS, HS, and see were too weak for densitometry. 
The yields of ethylene corresponding to tO.) 13 .,and 19 torr ethylene 
episulfide were 1.18, 1.60, and 1.30 umole/flash. Plots of oe 
vs. time for the decay of So (725) are shown in Figure 18. 

Experiments were carried out to determine if the spectrum 
of ao 5 & obeyed the Beer - Lambert law. Various lengths of 
the reaction cell were exposed to the flash and fe spectrum of 
S. were recorded. Figure 19 shows the plot of 0.D. of S ( Pd 


2 


vs. exposed cell length. 
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in the flash photolysis of ethylene episulfide, 
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DISCUSSION 


Low intensity studies of the photochemistry of ethylene 
‘ eS 
episulfide™~ have shown that the major product of the reaction is 
ethylene with a quantum yield of about 1.6. The mechanism proposed 


for its formation was ( E = ethylene episulfide ) 


E + hv + is {1} 
1p* S 37% {2} 
35% top Dian Celery {3} 
24 
* 
35 + £ a Tig {4} 
35% 3 ass 
E eee Chae te 2 GH) Ss, ( ze) £5} 
* a 
3 
E + —E er ceo, oe S, ( a) {6} 


where the superscript denotes the multiplicity of the electronic 
states. The S$ atoms are formed in their triplet ground states Bee 
mercaptans could not be detected among the products on the addition 
of paraffinic or olefinic hydrocarbons, although the episulfide 
of the added olefin was readily Ree cas 

In the flash photolysis of ethylene episulfide, the 
products volatile at -130°C contained in addition to ethylene about 


10% each of hydrogen sulfide and acetylene. These products likely 


arise from a molecular split of the excited singlet state 
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The intermediate CS may also be a cracking product of the excited 
singlet state but from its low optical density, less than 10a yA 
of the singlet decomposes to produce this species. The transient 
HS is most likely the product of the secondary photolysis of the 
hydrogen sulfide formed in reaction {7}. HS, is formed by the 
recombination of HS and S. The spectra of these transients are 
very weak and represent less than 1% of the reaction and.can be 
neglected. 

The S, formed in reactions {5} and {6} is in the one 
state since spin conservation rules preclude the formation of a 
singlet state. This view is supported by the absence of the th 
State even at the shortest delay. The kinetic expression for the 
formation of * is simplified by the absence of the hy state and 
also by the fact that the formation of Se is very rapid and can be 
approximated by the equation for the photo - flash output. This 
can be seen from the fact that the > curve in Figure 17 reaches 
a maximum at about 40 Wace about 85% dissipation of the flash 
energy. Thus the rate of formation of a5 is well described by 
A £(t) where A is the limiting concentration of ae produced he By 
corresponding to t = ~ and no decay) and is equal to one half the 


ethylene produced per flash. The function £(t) is the relative 


ef 
intensity of the photo - flash at time t such that ec €(tjdat = 1, 
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The decay of the 7 is again found to be a second order, pressure 


dependent process and is best described by 
3 
moire + Ms S + M* {8} 


From these facts the kinetic expression for the formation 


and decay of 35 becomes: 


d(S,) 


Z 
= | ALC) a Kon) (So) (A) 


Upon integration, the equation yields 
os t ze e 2 
(So), Af 5f£(t)dt ke QDS (85) dt (B) 
or in terms of optical density 


(Q.D.), = Acgsre(t)dt - "8 ;t@.p.yae (C) 
Eh 

The integral (0.D.) “at was evaluated graphically for various 
value of t from a smoothed out plot of (0.D.)° against time. The 
resulting linear differential equation was normalized to foe(t) dt 
= 1. O.D. was plotted against ite (0.D.)dt as shown in Figure 20 
and analyzed by least mean square. The resulting values of Ace 
and kg/er together with the measured yields of ethylene are 


summarized in Table V. 


From these data, the molar decadic extinction coefficient, 


3- 
€, at the peak intensity of the Ss, ( Aah (13,0) band can be 
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calculated. These values are listed in Table V. The average of 


Qe 1 


Mion aes ibis value 1¢ in 


good agreement with the value obtained by Gaydonis pericne sie 


tyvevthree values is 1.41 + Dee eels 


considering the fact that he obtained his result in shock tube studies 
at temperatures as high as 3000°K. Also, the extinction coefficient 
is sensitive to experimental conditions such as the spectral slit 
width. 

Figure 19 shows the plot of 0.D. against irradiated 
cell length for *y CE). The fact that the data points define a 
straight line indicates that CE) (13,0) band obeys the Beer —- 
Lambert law. Similar results were obtained by Callear in ie flash 
photolysis of carbon disulfide. Since the Beer - Lambert law is 


obeyed, optical density can be used without the need for corrections. 
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CHAPTER VI 


THE FLASH PHOTOLYSIS OF HYDROGEN SULFIDE 


RESULTS 


DISCUSSION 


ee 


ote 


RESULTS 


The flash photolysis of 30 torr 2 in the presence of 
105 torr 5 produced the transients = ay, S. GS HS, and 
i. The stable products of the reaction were hydrogen, hydrogen 
disulfide, and elemental sulfur. The series of absorption spectra 
in Plate 5 show the formation and decay of the intermediates. 


1 
The spectrum of S (A ) reached maximum intensity within 42 usec 


2 
and decayed within 95 usec. The spectrum of S5 Cr) reached 
maximum intensity within 42 usec and decayed within 550 psec. Hs 
was at maximum concentration at the shortest delay, 27 usec, and 
decayed within 113 usec. HS, reached maximum intensity within 7/7 
usec and decayed within 240 usec. 

The effect of added inert gas pressure was examined by 
carrying out the flash photolysis of 30 torr HS instheapresence 
of 0, 105, and 335 torr CO». The following effects were observed: 

a) The hydrogen yield per flash decreased with 
increasing carbon dioxide pressure. The yields were 3.76, 3.46, and 
Sab2 umole/flash respectively. 

b) The yield of HS decreased with increasing carbon 
dioxide pressure. The rate of decay of HS also increased as shown 
in Figure 21. 

c) The rate of decay of S, CE) increased with carbon 


dioxide pressure as shown in Figure 22. The yield of So decreased. 
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d) ay Ca.) decayed at faster rates at higher carbon 
dioxide pressures. 

e) The HS, spectrum was mostly unaffected. 

The flash photolysis of 30 torr HS in the presence of 
fives. > end 575 torr H, gave essentially the same results as the 
HS ~ aes system except for one point. The Ss, (a,) could only 
be observed at the lowest hydrogen pressure, 100 torr, and only 
at the shortest time delay, 27 Ween. Its spectrum was very weak. 

The formation and decay of HS and S5 Cr) are shown in Figures 
23 and 24 respectively. 

The flash photolysis of 30 torr Hs 2 Loe toce SoG 
resulted in the formation of ethyl mercaptan (1.6 umole /flash ) and 
ethylene episulfide ( 0.2 umole/flash ) as the only products. The 
only transient observed was HS but its spectrum was very weak and 
could only be detected at the shortest delay, 27 usec. When the 
same mixture was photolyzed under Static conditions, the only 
product was ethyl mercaptan, eis, umoles. 

The flash photolysis of 30 torr HS and 30 torr HS + 460 
EOrr co, was carried out with varying lengths of the cell exposed 
to the flash to determine if HS obeyed the Beer - Lambert tow eure 
25 shows the plot of 0.D. against path length for the HS (1,0) band. 
Figure 26 shows the plot of log (O.D.) vs. log (path length) for the 
HS (0,0) band. . 

The quantum yield of hydrogen was also measured at 30, 300, 


500, and 700 torr HS. The light source was a Cadmium resonance 


i293 of7 }o edvemel anlerey dads 


+6 Sei1sease nad av vegortieg 


————— = ——— 


eorecroeey erbetind 3 5 224 est 


af 


(<< 


{ me 
s v : 


v) 


rag hd tn * er Fae ie we 
ss 


{ 
‘ ** J 


. be49¢ *teap els been sah 
ae 
ak ah 


ri € oR T3672 of 0 2 oth bap A 
a ads lekrneaes em ane 
i wo 


ty ~ aap var 
) .@ off ,3ulag page 992; xe 


aoe 
7 : 
aap 


2" 
$ i 
a 
HY 


OOf .sswemesq nagorbyd thowal 3 
i 


rtosqe af erat v8 age: | 
* : ae 7 a 


4 
a 


aa 


a 


+28 riod O Ba aeelovod faa 


Gao TMS om * aaa So 
Pa he ' 7 aa o= : 
19 an en Ly ofeues £.9 i 


4 .F : a 
ari do tas 
6 


my q2 a7t Sud = ant 
4 ) 
ae 


i 


Janu SS! qiteb retells ‘oils da 


a 2% wie 724 mari she Toi 


saloms ¢:¢ guahiae 


Of bas 2 oH 1703 GE: 26. anita 
si nae 


nD ~ +968 2s bayade 2H x + borhan 
' - 


ie t 

> a 
— 
= ar 
= 
neq 88 e 
‘ oe 


742 TO? igast d30q a rte, 


o 
i9ea) gal vey (, 2.0) god 
' & 


e 4 


a 


_ 


pei . 
an fis: 


102 


4 
iti GsG es Nf yee tacld Ge O 22023 00TD P2IOATH e) 


*saansseid uaSoipXky snoqtseA qe Aeoep SH A0F OWT “SA “°C FO ACTA “EC aIn3tTq 


OI X Ves SouUT] 
9- 
OST OOT OS 


°a°o 


103 


Cy 2203 G/S¢@ $4403 Sze Y 


3 
‘uedoipdy Jo seanssead snofaeA ye Aeoap ( Xx 


OO€ 00¢ 


€ 


) 


9 


°1302 00T QJ Lm Cole Lag, oO 


Cs z0J owfa ‘sA ‘G'O JO 30Td 


OI X Des “OUT] 


OOT 


‘Z eanstTy 


T=0 


lc*o 


7°O 


¢°0 


toéam- 


ie ‘ 
- bas 7 is 
? - : 
< : : : a 
% { tie 
- 
ta f : 
rf 7 . 
ps F a ; 
* A § \ i ey 
“1 &® — * 1) es 
eae ~ ’ «ee ‘ 
om ms » t 
ad rw I a 
= fo 
wi Fg P 
oe »i ¢ 
i 
fw 
4 > ; 
fw = Ps 
* : 
* € rm. oe 
é wo 
rant wn i 
i. iH 
~~ is a 
"i toe j 2 
? 
j ? 
> 5 i 
“4 ; 
,. 
fe 
t 
. > — ¢ 
4 co =) 
a 4 bd \ 
+ oO € 
ws 7 
oid is 3 
Z ve 
=~ P| i 
¥ 
. ee é 
cr ‘ 
[4 ™ _ 
{ 
ioc ce 
J eo 
— [ee ' ‘=e 
e aed ? 
O ¢ : 
Yuin 
=< 4 


LTSaks yy" 


104 


10 20 30 40 50 


Path length, cm. 


Figure 25. O.D. of HS (1,0) band as a function of the 


irradiated cell length. @* 30 torr HS 


O 30 torr HS + 460 torr CO, 
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lamp equipped with an interference filter to pass only the 2288 A 
resonance line. COS was used as an actinometer. The yields of CO 


and H, are tabulated in Table VI. 


DISCUSSION 


41 
Porter has shown that the primary photolytic step in the 


decomposition of hydrogen sulfide is 
HAS) it hve > | H + HS {1} 


This is consistent with the observation that the spectrum of HS in 
Plate 5 is at maximum intensity at the shortest delay. The fate of 


the H atoms is 
a +5 HS e>* H + HS ea 


Reaction 2 is known to be fase” although its absolute rate is not 
known with we. ee The H atoms formed in {1} may possess as 
much as 20 Kcal/mole translational energy and the addition of an 
inert gas may influence the rate of {2} by removing some of this 
energy. 

The hydrogen quantum yield measurements shown in Table VI 
indicate that not all the H atoms desis via {2} and some must be 


lost either on the vessel surface or in the reaction 
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These two processes amount to about 10% of the reaction as shown by 

the hydrogen yield. Darwent and Shee have also measured the 
hydrogen quantum yield and found that at 30 torr H,S its value is 

1.09. From the rates of hydrogen production at different Hs pressures 
they inferred that at 200 torr the quantum yield is 1.26. This 
increase was attributed to reaction {5}. 

There is no obvious explanation for the large difference 
in the quantum yield values obtained by Darwent and Roberts and the 
values obtained in this work. One possible explanation could be 
the fact that they used hydrogen bromide as an actinometer and had 
to correct for the back reaction. In this study, COS was used as an 
actinometer since the quantum yield of CO is well established as 1.8 
and no serious complications are encountered. 


Darwent and Roberts proposed that the fate of HS is 
fees =e HS + SS {4} 
64” tie +, oS {5} 


although {5} is very much slower than {4} at low pressures. Another 


HS removing step must be considered, namely, 
aus. +) MU |HLS + M* {6} 


since hydrogen disulfide was a product of the reaction. Its 
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formation was inferred from the presence of a product involatile at 
-130°C which underwent surface decomposition to hydrogen sulfide 
and elemental sulfur. These same properties were observed for 
hydrogen disulfide in later work (vide infra). In an independent 
seudy'. hydrogen disulfide was shown to be a product of the flash 
photolysis of hydrogen sulfide. Using the technique of flash 
photolysis kinetic mass spectrometry, they showed that the signal 
at m/e = 66 was the parent peak of hydrogen disulfide. 

The quantum yield measurements indicate that reaction ep 
is unimportant and that HS is removed primarily by reactions {4} 
and {6}. The decrease in the hydrogen yield as the pressure of 
carbon dioxide is increased is best attributed to the occurence 
of reaction {3} at high pressures of inert gas. Hydrogen atoms 
may also diffuse to the walls since considerable photolysis occurs 
close to the wall facing the lamp. 

The flash photolysis of a mixture of 30 torr Hs + 210 
torr CoH, resulted in the formation of ethyl mercaptan and 
ethylene episulfide in the ratio of 8:1. The absence of vinyl 
mercaptan shows that S$ on atoms are absent and that the S atoms 
formed in {4} are in the ground 3p state. Ethylene episulfide 


is formed via 


s (7p) + CoH, + C,H,S {7} 


Ethyl mercaptan is formed via 
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Ho 6 CCH >) CH CH SH 
2h 2a {8} 
CH, CH, SH + Hs me CH CH, SH + HS {9} 
and 
i 
H C,H, > CH CH, {10} 
CH_CH + HS +> CH CH SH ) 
aae7 ae? tt 


That ethylene episulfide was found indicates that reaction {4} 
is very rapid since it could compete with the HS scavenging reactions 
{8} and {11}. 


The Beer -— Lambert law can be stated ae 
n 
Sobre ec (CL) A 


assuming symmetrical dependence of optical density on concentration 
and on path length. The law is said to be obeyed if a plot of O.D. 
vs. path length yields a straight line. Figure 25 shows that the 
3060 A, (1,0) band of HS does obey Beer's law. The 3236 AN (0,0) 
band does not obey the Beer - Lambert law since straight lines were 
not be obtained. The (0,0) band also shows pressure dependence on 
shown in Figure 26. At 30 torr Hs; the value of n in equation A 

is 0.5 while at 490 torr total pressure the value is 0.09, Inis 
effect may be due to pressure broadening. For this reason, the (1,0) 
band must be used in all calculations. 


In the absence of a reacting gas, the fate of HS is reaction 
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via {4} and {6}. Figures 27 and 28 show that the decay of HS 
follows second order, pressure dependent kinetics. From the slopes 


the rate constants for HS decay can be calculated using the equation 
le, = Slope-x e x 2 B 


where k represents the sum of the rate constants k, + k, (4) . 


4 
The extinction coefficient for the HS (1,0) band can be 
determined in the following way. The amount of HS formed in the 
reaction is equal to twice the hydrogen yield. The kinetics of 
HS decay are described by the equation 
2 
d(HS) = Af(t) - k(S) C 
dt 
where A is the amount of HS produced per flash, f(t) is the relative 


intensity of the photo - flash at time t, and k is the sum of the 


rate constants for HS decay. Equation C upon integration becomes 
t ie 2 
(HS) | = AS jf (t)dt + kf, CGS) dt D 


or in terms of optical density 


a t Tt t 2 
Conds) = As if (t)dt k f5(0.D.) dt E 
Ed Er 


When the decay of HS is complete, 
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Figure 27. Second order plots for the decay of HS at different 
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Combining equations B and F gives 


A = Slope stco.p.) at G 
¥ ew . 


The value of the integral is obtained by graphically evaluating the 
area under the curve obtained from the plot of (0.D.)° vs. time, the 
slope is known from Figure 27, the cell length is 2, and A is the 
yield of HS per flash. The corresponding values for 30 torr HS are: 


1 6 


= at 5 = 
4.36 x 10 Beye et .03 +. 0.42 3310 =sec, 50 cme and 7704: x 20 


umole/flash respectively. Substituting these values into equation G 
gives fe4= 1.18 4 0048 x (Opal remote ameen as 

With the value of e« determined, the absolute rate constants 
for HS decay can be calculated from equation B. These values are 
listed in Table VII. Inspection of Table VII shows that there is 
large uncertainty in the values of the rate constants. Some of the 
more important causes of this are: | 

a) the decay of HS is rapid and considerable decay will 
take place during the finite length of the source flash. Since the 
decay is more rapid at high concentrations, this error will affect 
the measurements at high optical densities. 

b) densitometry cf the 3060 A line of the HS (1,0) band 
will be greatly affected by the fog level of the spectroscopic 
plate especially at low 0.D. values. 

c) a 95% confidence level was used in the least mean 
Square calculations of the extinction coefficient and of thetslones 


of Figures 27 and 28. This may be described as undve caution, but 
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owing to large systematic errors, a smaller confidence level was 
unjustified. 

The rate constants in Table VII represent the sum of the 
piesa te constants ky and k (M) . In principle, these two could be 
determined from the information available but it was felt that the 
large errors prevented any meaningful calculations. However, the 
calculated rate constants do have qualitative significance in that 
there is evidence for the second and third order processes in the 
pressure dependence observed. They are also in good agreement with 


the values obtained for the decay of on42»43 and Hse*4 
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The fate of the S (3p) atoms is recombination via 


24S (7p) + Mos “5 + M Lay 
3 .- | Sy 
where Ss, is formed in all three possible states, ie ae and Be: 


The appearence of S, ( Eee is rapid indicating that hydrogen sulfide 
is an efficient third body. 


The transient HS, is most likely formed in the reaction 
fiseet o> HS, {13} 


3 
The concentration of HS, is low and the amount of HS or S (P) 
removed will not much affect the above calculations. Another possible 


Source of HS. is 


H + S Cz) + HS {14} 
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1 
The fate of = ( he is collisional relaxation 
S A + M > S os a * 
( = 5 4 = M {15} 


This view is supported by the observation that the S, (37) reaches 
maximum concentration when the oP Ch) has decayed. In the presence 
of hydrogen, the spectrum of S, ae is not observed due to the very 
tapid relaxation to the ground state. This point will be discussed 
in the following chepter. 

Figures 29 and 30 show the plot of 0.Bo vs. time for 


the decay of S Cr). The data points define straight lines and 


y 
the slopes increase with increasing pressure. Therefore, S$ Cr) 


removal is accomplished via the process 
Deseret SMY > S) Yt MF {16} 


Using equation B and the slopes from Figures 28 and 29, the rate 
constants for {16} can be calculated. Their values are shown in 
Table VIII. The third order rate constants can be seen to decrease 
as the pressure of hydrogen and carbon dioxide are increased. This 
fact indicates that the assumption that hydrogen and carbon dioxide 
have the same efficiency in reaction {16} is invalid. The relative 
efficiencies can be calculated from the data and are seen to be: 

sae) for eee en sulfide, earner dioxide and hydrogen, respectively. 
When the third order rate constants ver corrected for this fact, 


they can be seen to be in good agreement. 
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CHAPTER VII 


THE REACTION OF S (1d) ATOMS WITH HYDROGEN AND METHANE 


RESULTS ~ 


A, Hydrogen 


B, “Methane 


“DISCUSSION 


.*s 


nN Be: | 
Inv ATMA > i ta 


La2 


RESULTS 


Hydrogen. 
In the flash photolysis of 17 torr COS in the presence 
Ooe2 be (tore H, the transient spectra detected by kinetic spectros- 


2 3_- 
copy were HS ( I,), So ( ade and HS The stable products of the 


5° 
reaction were CO, HoS, HS, and sulfur. The series of absorption 
spectra in Plate 6 show the formation and decay of the transients. 
All transients were observed in their respective ground vibrational 
states. The HS spectrum was strongest at the shortest delay used, 
27 usec, and decayed within 200 usec. The S5 Cr spectrum 
reached maximum intensity in 100 usec and decayed within 400 usec. 
The HS 5 spectrum reached maximum intensity in about 100usec and 
decayed within 240 usec. 

The effect of increasing hydrogen pressure was examined 
by carrying out the flash photolysis of 17 torr COS in the presence 
Mime s2. Dgele4ye252;5 412, and:595.torr H,. The following effects 
were observed: 

a) In the absence of hydrogen, the spectrum of So Ca.) 
was observed. The addition of 32.5 torr as caused a severe 
reduction in the intensity of the singlet spectrum and it was only 
detected at the shortest delay. At hydrogen pressures greater than 
32.5 torr, the spectrum could not be detected, Plate 7. 


b) Increasing hydrogen pressure had a twofold effect on 
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3 
S»5 ( re). First, the rate of formation and the rate of decay 
increased. In the absence of hydrogen, the maximum of the S9 
curve occurred at 250 usec. In the presence of 32.5, 124, 252, 


412, and 595 torr H., the corresponding times were 150, 120, 


2? 
100, 95, and 90 usec respectively. The rate of decay increased 
as shown in Figure 32, the second order plots for S, removal. 
Secondly, the amount of So formed decreased as the hydrogen pressure 
increased. 

c) The HS spectrum appeared at the shortest delay times 
and at maximum intensity at all pressures of hydrogen. The amount 
of HS formec, as estimated from the 0.D. at the shortest delay, 
was observed to increase at increasing hydrogen pressures, reaching 
a maximum value at 400 torr Ho. Further increase of hydrogen 
pressure caused a decrease in the HS yield as shown in Table IX 
The rate of HS decay also increased with increasing pressure 

d) The HS» spectrum appeared to increase with increasing 
hydrogen pressure but even at its greatest intensity, 0.D. < 0.02, 
no meaningful densitometry could be performed. 

e) The only stable product that could be isolated and 
quantitatively determined was tone sulfide. Table X shows 
that the yield of hydrogen sulfide increases as the hydrogen pressure 
is increased. 

The flash photolysis of 20 torr COS + 300 torr D, resulted 
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2 3e= 
in the formation of the transients DS ( 1), DS,, S, ( Bos and 
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TABLE IX 


YIELD OF HS AS A FUNCTION OF H,, PRESSURE 


———— —_— ———— 


Ho pressure HS yield 
LOrr O.D. 
thank See ae 
S251) 0.08 
124.0 We, 
252.0 0.14 
412.0 0.16 
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YIELD OF HAS AS A FUNCTION OF H,, PRESSURE 


TABLE X 


H, pressure 
Zz 


Fame 4 CO, is the yield of CO per flash in the absence of 


1 
hydrogen. CO. corresponds to the yield of S ( D) atoms 


per flash 
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SP) Cay). The formation and decay of S, Cz) and DS are shown in 
Figure 33. The spectrum of DS» is too weak for densitometry but 
can be seen to reach maximum intensity within 95 usec and decay 
within 240 usec. The spectrum of 5S, Cd,) is obscured by the COS 
continuum but can be seen to reach maximum intensity within about 
76 usec and decay within about 165 usec. 

The flash photolysis of 17 torr COS in the presence of 
224 torr H, + 7000-torr CO, was also investigated and the following 
results were observed. The HS 5 spectrum was suppressed, the HS 
spectrum intensity was decreased by a factor of three, the 35 Cr) 
was unaffected,and a eee ener er in due to S, appeared. The 
formation and decay of Sy ap is shown in Figure 34. The HS 
spectrum is at maximum intensity at 35 usec and decays by about 


100 usec. The corresponding times for 53 were 100 and 400 usec 


respectively. 


Methane. 

The flash photolysis of 31 torr COS + A0seorr ea 
resulted in the formation of the transients: S. A.) S, Cr) 
HS en HS,» and CS (sy. The stable products of the reaction 
5S; H.° CH.SCH., CH.S.CH,, and sulfur. The series 


2 pag ee Eton: 2, Sacryo 


of absorption spectra in Plate 8 show the formation and decay of 


were: CO, H 


the transients. The HS spectrum was at maximum intensity at the 


shortest delay and decayed within 100 usec. The S, re) spectrum 


1 ' 7 
4 Py : re ae ' 
ad 7 fuk ~~ 
any ae 3) f 
4 77 as ft i¥ ; a} : tae 
One bia € ol bas vr ): ¢* aes m Ty oOL: ry viek 


. 7 » ae 
ap 
ey 
eet . 


“7 


WV , . ; . aS 
VUFSOal lewd rol asew God. et 2 


al 20 niduke tateasank my wars ree oe 4 7) 


q 7 


¢. ale 
' 4¢ 9etroado at «A } « 


“aiiw yiltwaaat aualese fosos 03 ‘ane ad: mas tae 


= a ob By eat Sunde a Mabie 


oe) a 4 rigs Ti %o sededed ats 
ey. fee tas fie | 
7m bb Pesv ii ele 2eW 008 4 i 
| sone 4 io st 
at mel Be rygee wala wo 93 | suit: ita 
) @ wis x 24. rotdon? o- id eee ne 
| | iy | : i 
p22 oud ete. ain ee 2 
ot ‘ToReT ict cwterhe: Bf GS 2 
: ¥ , Fic 
| pode e2 bie 29m 2 26 it na 


ie iy DG OL snew pt 303 vom gaubengeasrs0 aff 


Be 
tie > 5 
~ te " "7 7 , ; 
s" 2 I ot Vi + 400 rte3 tt Yo Maes ng che ent? 
g~a®y te Ll ty : 
a a ,* 4 2: adeeleanss ols bs june? odd 
7 ne SS ee 


ai2IogeL-en7 Bo aie st dase aft . a 


7 
ni asitee onT eee ee bas i > 
{ "€. aha ‘er ‘i - 
to yessb dow Ok dra } vt oe 8 4at@ wis 


7 
oe 

> J 
a 7 


a 


of> Je y3hensinl raomi nee * + ay 
7 or. | 7 

suTsoage G Bf " hs on a0 ac 12 
<e ry 


' 
7 7 : > iy " mi 7 
at AY : i A : ve 
” > 
- a oF 
e 


yal 


¥ 


131 


: 3 v4 
‘Hy saV  £C@ a.) “sO ‘a 4403 062 + S09 3203 07 
Cc T g 
teadOdercce + S00 4201 1 ©) 1 { i) Sa BSBA Gage) Cs a0y owt] “sd ‘Gq'Q “EE eAN8Ty 
Olax 2046 “SULT 
9- 
OO 002 OOT 
Y, 
a V = 
Mi 4 
U = 
VY IT"O 
y, 


NN 19°0 


ed 


E32 


SoD 1202 /T @ 


aC 


O00€ 


H 22023 ¥Z] + SOD 1203 TO 


00¢ 


Cc 


2 


4 
09 4103 009 + H 1403 4¥7T + 
ee) Cs z0j owya ‘sd *q'0 
_OT ¥ 99S ‘owrTy, 
OOT 


"ye aINnsTy 


-*q'0 


O9E 
Ob 
O8T 
S9T 
8PT 
O€T 
5 
G6 
Ld 
9S 
60 
ch 


Se 


ooesn LZ 


UIBUST OAM yer ga ee ae a alae 


Aetjtoq 


Pu 4103 Ol + 


SOD 1203 TE ‘“euwTQ ysutebe erqoeds °g 982eTd 


(,2,% + Uw) so 


t a (T‘T)(0‘O) 


(0‘O) (0°'T) 
! | 


SHS Exu#ee42a8eana08 WES SSS eS ee 


%; (Oks pte — - 
. eee” 


a ae TOE 


ce RETR? 


WEE ree 
SSCS CFEC TRE 
wire Free ewe 

FErEREEPSIa 


SCLC ERERTUR | 
a a 
Ferree 


segeanageniagaseageniagese pengenenapenonvnanapan suv eruLeTeTT Teri yy 


ae 


134 


reached maximum intensity within 50 usec and decayed within 400 
psec. The S, a.) spectrum was obscured by the COS continuum but 
could be seen to be at maximum intensity at the shortest delay and 
decay by 60 usec. The ESS spectrum reached maximum intensity within 
70 usec and decayed within 240 psec. The CS spectrum was at 
maximum intensity at the shortest delay and did not diminish in 
intensity over the delay range used. The CS spectrum decayed 
below the limit of detectibility within 2 minutes. The vibrationally 
excited states CS v'"= 1,2, were also detected at short delay times 
but they decayed within 50 usec. 

The effect of increasing methane pressure was examined 


Petneule 50.70, J55, 290, and 590 torr*CH, pressures. The 


4 


following results were observed: 
a) The intensity of the CS spectrum decreased with 
increasing methane pressure. The vibrationally excited states of 


CS were relaxed at higher rates. At 590 torr CH» only the ground 


vibrational state of CS could be observed. 


b) The yield of S Cr) decreased with increasing 


Z 


methane pressure as shown in Figure 35, The rate of formation of 
S5 GE) is greatly increased by the addition of the first 30 


torr CH, but further increase of methane pressure had little effect. 


4 


The rate of decay of S, is shown in Figure 36 and can be seen to 


increase at increased methane pressure. 


me). ‘S. (a,) is decreased by methane pressure. Above 
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300 torr CHi the spectrum could not be observed. 

d) The yield of HS decreased and its rate of decay 
increased with increasing methane pressure. The HS (1,0) band 
decreased in intensity by a factor of about five as the pressure 
of methane was increased from 30 torr to 290 torr. 

e) The amount of = formed decreased with increasing 
methane pressure but its rate of formation and decay were 
independent of pressure. 

f) The yield of hydrogen sufide decreased as shown in 


Table XI. 


DISCUSSION 


Hydrogen 
The primary reaction between S$ (+p) atoms and hydrogen can 
be best envisaged as an insertive attack in close analogy with 


the insertion into paraffinic C - H bonds, namely 


s (+p) + H, ++ H,8 i {1} 


where * represents vibrational excitation. The enthalpy change of 
the insertion process is -9/7 Keal/mole, while the D(HS-H) is 
only 91 Peatinole. . Consequently, the hot Hs molecule may undergo 


thermal cracking. The presence of HS at short delays indicates that 
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TABLE XI 


YIELD OF H.S AS A FUNCTION OF ADDED METHANE PRESSURE 


CH, pressure Hs / co,” 
torr 
eee ee Se 

18 0.44 
68 0.26 

118 Oo20 

258 O20 

500 0.05 


* 
2X CO, is the yield of CO per flash in the absence of 
methane. CO, corresponds to the yield of S (pd) atoms 


produced in reaction 1 


| 2 uBR? AL 2 fi nro LICKCLA , 


7 at eee: 


— ae, 


20 gonceda of3 a2 fheall yaq 02,20 Bg 
amore (a?) 8 0 biely ond a. 


cs 


the cracking proceeds via 
tte Soe Le ets WHS oy 


In Table IX, the HS yield can be seen to increase, reach a maximum, 
and start to decrease as the pressure of hydrogen is increased. This 
behavior of the HS yield demonstrates two points. First, at low 
pressures of hydrogen, not all the S (tp) atoms react with hydrogen. 


Some react with carbonyl sulfide 
uf 
Si. (-D) nr Cosa) > CO at pS £3.) 


As the hydrogen pressure is increased, reaction {1} competes more 
favorably with reaction {3} as indicated by the increasing HS yield. 
Secondly, above 400 torr Ha» the HS yield decrease indicates that 
the hot HS molecule is collisonally deactivated via 

H.S REM Nigeet, & El, Game tee pila {4} 
Therefore, the HS yield is detemined by a competition between 
reactions {1} and {3} and between {2} and {4}. 

Hydrogen sulfide is formed in several ways. At high 
hydrogen pressures, it is formed mainly in reaction {4}. At low 


pressures it is formed in the reactions of HS, namely, 
. 3 
2. Hs = Sesh ge aoe eh ORS: Le 
Poeins ot | CM > H,S + M* {6} 


HS + wall 94 HS + sulfur PaeF 
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Reaction {7} may occur in the reaction cell or during the analytical 
process. 
The fate of the H atoms produced in reaction {2} is most 


probably 
COs wt en >" CO +. HS {8} 


however this could not be demonstrated since HS is produced by other 
means also. Assuming that all the H atoms react via {8}, then the 
yield of hydrogen sulfide is independent of the method of its formation. 
Thus, the ratio of H,8 / CO, indicates the extent of insertion of 


S (+p) into hydrogen. From Table X, at 550 torr H the value of 


9? 
Pre eratio+s,.0.65.and.only.about.65Z-of the 5S (1p) atoms react with 
hydrogen. This indicates that Ke/k., iS -ab0uL 1x 100°. This low 
reactivity is difficult to justify since the reactivity of methane 
is about the same as COS (vide infra). 

The rapid rate of decomposition of HS" seems reasonable 
since the reaction is highly exothermic. The hot molecule has 6 
Keal/mole in excess of the energy needed to break the HS - H bond. 


Also, HS has only three vibrational modes into which the excess 


Z 
energy can be partitioned. Unless the molecule will undergo a few 


collisions within a short time after its formation, it will fragment. 


The transient HS, is formed via the reaction 


HS + s (7p) > HS, {9} 
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The intensity of this absorber is very low, 0.D. < 0.02, and the 
amount of HS removed from the reaction will not affect the HS yield. 


The fate of the Be radical is disproportionation and recombination. 
goeuo, + HS), | {10} 
+ HS ‘tan $ {LL} 


These reactions will be demonstrated in Chapter VIII. 

Since considerable cracking of the hot HS occurs even 
at high hydrogen pressures, consideration must be given to the S (Pp) 
atoms formed in reaction {5}. | 

Triplet sulfur atoms would not be expected to insert and 


the abstraction reaction 


s(P) + H, > HS + #H 


would be endothermic to the extent of 21 Kcal/mole. Consequently, 
the abstraction is not important at low temperatures. This point was 
demonstrated by the addition of carbon dioxide to the system. A 

CO, /H, ratio of about 5 was sufficient to cause a three fold decrease 
in the HS yield. This decrease is attributed to the relaxation of 

S (‘p) to $ (7p) by CO, and the fact that triplet sulfur does not 
react with rirocen. This decrease could also be consistent with 

the relaxation of H,S*. However, denctese of 25 in the presence of 


carbon dioxide is very nearly the same as in its absence, indicating 


triplet sulfur atoms recombined rather than reacted with hydrogen. 
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The fate of the S (?p) atoms is recombination via 
3 
Zoe Ba + M “* «'S + Mx {12} 


where 5 represents the three possible states of S, namely, 35 
“af and a In the recombination, carbonyl sulfide is the more 
efficient third body since it can act as a chaperon. 

S. (A,) was only detected at the lowest pressure of 
hydrogen, 32.5 torr, and at the shortest time delay, 27 usec. Yet, 
considerable amounts of the singlet should have been formed in the 
recombination of triplet sulfur atoms. This absence of the ne 


state can be attributed either to a rapid chemical reaction with 


hydrogen or to an efficient relaxation of the singlet state by H 


1 


2 . 
In the presence of 300 torr deuterium, the ts spectrum 
can be seen for about 165 usec, Plate 7 , while in the presence of 
meron COLT H, » the spectrum is absent even at the shortest delay. It 
2 ° 1 ° ° 3 ° 
is expected that if ,, ( Ay) underwent reaction with hydrogen, it 
1 
would also react to the same extent with deuterium, since S ( D) 
showed the same reactivity to hydrogen as to deuterium. Therefore 
it can be concluded that the chemical reaction is not the cause of 
3 1 
the rapid removal of 2 ( A): 
For collisional relaxation to be rapid, there must exist 
a near resonance condition between the donor and the acceptor. 


Caliear*® noted that in the relaxation of vibrationally excited NO, 


only states with closely matched vibrational levels would be 
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involved in the relaxation process. Thus 


NO Ww 45 NO W ae relaxation 


did not occur at a significant rate. This was further substantiated 
by the observation that the v'" = 1 state of NO was long lived since 
ground state NO was ineffective at relaxing this state. 

A similar process is responsible for the rapid relaxation 
of Ss, Ca) state by hydrogen. The energy donated by the excited = 


is most likely taken up by hydrogen as vibrational energy. v(1,0) 


for hydrogen is 3927.15 ee GE aaa Keal/mole?> The To 0 cor 
3 
the hy <3 oa transition is still uncertain but Barrow’? has 


reported three probable values, 5500, 5400, and > 3800 ane 


corresponding to 15.72, 15.44, and > 10.86 Kcal/mole respectively. 
Since even at the shortest delay times, both the singlet and the 
triplet i are in their respective ground vibrational states, the 


1 


value 3927 cm may be assigned to the T in close agreement with 


0,0 
one of Barrow's values. Since deuterium, v(1,0) = 2993.4 em, 
does not meet this resonance condition, the relaxation process is 
1 ° 
slow and the A. state is long lived. . This is observed in the results 
g 


and supports the above argument. 


Thus, S, Cl is formed directly in reaction {12} as well 
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as in the collisional relaxation of the Px state 
1 oe 
See. ct econ e( z) aE H,* {13} 


In the absence of hydrogen, the triplet state forms slowly, Figure 
feeetne adaition of 30 torr H, greatly increases the rate of formation 
of the triplet, further supporting the relaxation process proposed 
above. Further increase in added hydrogen pressure has little effect 
on the rate of triplet appearence. 

Inspection of Figure 31 indicates that the yield of > 
decreases with increasing hydrogen pressure. This result is 
consistent with reaction {3} being important at low hydrogen pressures 
while at high pressures, reaction {5} followed by {12} is the more 


important S, forming step. 


2 
7) x) removal is found to obey second order, pressure 
& 


dependent kinetics, and is best described by 
. 
ee Se eee + EM OS + Mx 
2 & 


From the slopes of the curves in Figure 32, second and third order 


rate constants for {14} are calculated and listed in Table. XI. 
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Methane 


: s a 
The primary reaction between S (D)atoms and methane in 


: : , 2 
low intensity studies has been shown to be 


1 
Samet | CH, > CH SH" {15} 


The enthalpy change in reaction {15} is -83 Keal/mole for thermal 
sulfur atoms and secondary cracking could follow. From the observed 
product distribution, the secondary decomposition of the hot 


mercaptan has been shown to be 


* 
> S + 4H 
CH SH CH, {16} 


Since D (CH.S - H) is 89 Keal/mole, reaction {16} is endothermic to 


ss 
1 

the extent of 6 Kcal/mole, but the S ( D) atoms have up to 12 Kcal/ 

mole translational energy when formed and if this energy can 

Survive the collisions before insertion,, then reaction {16} will 


be possible at room temperature. An alternate energetically more 


favorable decomposition 
CH.SH > cH, + HS {17} 


had been neglected since the products of the reactions of HS, namely 
hydrogen sulfide and hydrogen disulfide, were not found. The 


mechanism proposed for the formation of the stable products was: 


Hdkety ecu > 4H + CH, {18} 
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2 cH ,S >  CH,SSCH, {19} 
Pinas: Ss CH SH {20} 
CHS + CH. >  CH,SCH, {21} 
eg She CH, 122} 
2 cH, ous CHE {23} 


This mechanism was the only reasonable one.that would explain the 
experimental results. 

In this study, an important new stable product, hydrogen 
sulfide, was observed at low methane pressures. Also, the rapid 
appearence of the transient HS was observed at pressures as high 
as 600 torr. These two facts which escaped earlier investigations 
indicate that reaction {17} is important. However, the relative 
importance of reactions {16} and {17} could not be established. 
From purely energetic ercunds it would appear that reaction {17} 
should be much more important than {16}. 

The enthalpy change of reaction {17} is -7 Kcal/mole. 
Since the HS yield decreases as the pressure of methane is increased, 


the hot methyl mercaptan must undergo collisional relaxation via 


cH,SH +endMon i> CH SH + M* {24} 


The most likely source of CHS is the reaction 


pre. 
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CH.SH + CH 
x gehot thCHESts sta a Cty {25} 


CH,SH + HS > CHS) batts {26} 


The stable products are explained in terms of reactions [19] to 
{23} as mentioned before. 
An important source of hydrogen sulfide is the sequence 


of reactions 


2 HS > HS + § (7p) {5} 

2S eothanM ordesuheS + Mx {6} 
yy 

HS, +wall > HS + sulfur {7} 


Table XI shows that the yield of hydrogen sulfide decreases 
as the pressure of methane increases. This is consistent with the 
fact that the fragmentation of the hot mercaptan is prevented at 


high pressures. At 18 torr CH,, the HS / CO, is 0.44 indicating 


A? 
that about 44% of the S (+d) atoms end up as hydrogen sulfide. The 

mechanism of hydrogen sulfide formation indicates that the quantum 
yield of :? assuming complete scavenging of the S (1p) atoms is 
0.5. Since in this mixture the HS / cO,, and hence the quantum 
yield of HS, is 0.44, about 88% of the sulfur atoms must have 
reacted with methane and ae 12% with COS via reaction {3}. This 
high reactivity seems unreasonable since hydrogen was shown to be 


very unreactive and earlier low intensity studies have shown that 


paraffins have about the same reactivity as carbonyl sulfide. 
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It is proposed that there is an alternate cracking step, 


namely, 


* 
CH SH = GH + HS 
* 2 2 eae 


This step will explain the high quantum yield of hydrogen sulfide 
at low pressures. The enthalpy change of this reaction is +2 Kcal/mole. 
However, the S atoms may have some translational energy when the 
insertion takes place making reaction {27} energetically feasable at 
room temperature. The quantum yield of H,S is seen to decrease 
rapidly as the methane pressure is increased from 18 to 68 torr 
probably because the translational sate: is more efficiently 

removed making reaction {27} less favorable. Reaction {17} is not 

as easily quenched since the HS spectrum is observed at methane 
pressures as high as 595 torr. This is due to the high exothermicity 
of the reaction. Therefore at high pressures reaction {27} is 
unimportant and secondary cracking occurs via {17}. 

HS, is formed by the recombination of HS and S. CS may be 
formed from one of the secondary products or from the secondary 
photolysis of carbon disulfide, a minor but strongly absorbing 
product, whose mode of formation is not known.- The amounts of these 


transients formed is very small and will not influence the reaction. 


The probable fate of CH, formed in reaction {27} is 


CH + CH + 2 CH {28} 
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The transient Sy Ca) is produced either in Peaeet on 
{3} or by the recombination of S$ (3p) atoms from the reaction {5}. 
It suffers collisional relaxation to the ground a state. 

S, CE) decays by third body recombination. Second 
and third order rate constants for the recombination are listed 
in Table XIII. There is considerable scatter in the rate 


constants due to experimental error. However, they are of the 


same order of magnitude as other S, recombination rates. 
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CHAPTER VIII 


THE PHOTOCHEMISTRY OF HYDROGEN DISULFIDE 


RESULTS 


Dark reaction 


H.S. with added CO 


Dee 2 
HS, with added CoH, and CH 
é i i H_S 
Reaction of CH. with 3°95 


The effect of wavelength 
HS, with added NO 


Flash photolysis - kinetic mass spectrometry 


DISCUSSION 
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RESULTS 


Dark reaction 

Hydrogen disulfide was found to undergo dark decomposition 
when the cell yas not preconditioned with HCl and when polymeric 
sulfur was formed as an end product of the photolysis. The 
products of the dark reaction were hydrogen sulfide and polymeric 
sulfur. No hydrogen or higher sulfanes could be found. The dark 
reaction proceeded to completion within minutes after initiation 
and could be detected by the sulfur polymer formed on the surfaces 


of the reaction vessel.- 


Hydrogen disulfide with added carbon dioxide. 
The transients detected in the flash photolysis of 1.8 torr 
H.S. in the presence of 100 torr CO, were: 5S ea nes (757) 
22 : 2 Pa Tape ter Wi) ree 


HS (1), and HS The stable products of the reaction were hydrogen 


9° 
(0.05 pwmole/flash) , HS, HS 35 HS js and sulfur. The series of 
absorption spectra in Plate 9 show the formation and decay of the 
intermediates. Both HS and ae are at their maximum concentrations 
at the shortest delay time, 27 usec, and decay within 1) 3rands240 
usec respectively. The S, Cay) spectrum reached maximum intensity 


within 40 usec and decayed within 95 usec. The corresponding times 


for Ss, Gz) were 77 and 360 usec respectively. 
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The effect of increasing diluent gas pressure was examined 
by carrying out the flash photolysis of 1.8 torr HS, in the presence 
ios. Uva JO. .and—200—torr 60; The following results were 
observed: 

a) The rate of formation of HS was unaffected but its 
rate of decay increased as shown in Figure 37. 

b) The rates of formation and decay of S, Cr) were 
increased as shown in Figure 38. 

c) The spectra of S, Ca) a aie not be densitometered 
with any meaningful accuracy due to background absorption by hydrogen 
disulfide and only qualitative observations could be made. The 
rate of formation was unaffected but the rate of decay increased. 

The times required to decay below the limit of detectibility at 


goo0 OO, and 200\terr CO, were: 113, 95, 71, and 50. psec 


2 
respectively. 


d) The formation and the decay of HS, were found to be 


independent of diluent gas pressure as shown in Figure 39. 


Hydrogen disulfide with added ethylene and propylene. 

The flash photolysis of 1.8 torr HS, in the presence of 
ethylene gave two new products in addition to those found with carbon 
dioxide, namely, ethyl mercaptan and ethylene episulfide. No new 


transients were observed. Figure 40 shows the formation and the 


decay of the intermediates. Ethylene had several noticable effects 
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Figure 37. Plots of 0.D. vs time for HS decay at different pressures 


of co... 0 pls gy wa ai ak [] 100 torr; ZX 200e torr. 
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100 200 


Tine, sec x 10 


Figure 39. Plots of 0.D. vs. time for the decay of HS,,. 


25 torr CO, , O.D. vs time; [Ey 100° torr, 03D. 


+ 0.2 vs. time; A 200 torr, 0.D. + 0.3 vs time. 
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on the transients. The rate of decay of HS was markedly increased. 
Although the rates of formation of S., Ca) and S, Cr) were not 
affected, the amounts of So formed were considerably reduced. The 
rate of decay of both states of 25 were increased. The yield of 
He, was decreased to one half without the formation of an -SSH 
containing product. 

The static photolysis of 1.8 torr lee in the presence of 
100 torr CoH), gave ethyl mercaptan as one of the products but 
ethylene episulfide could not be found. 

The static photolysis of 1.8 torr HS. was also carried 
out in the presence of propylene. Photolysis of a mixture of 1.8 
torr HS. te LOGS Orr CoH, using a pyrex filter (transmitted i > 
2900 h) resulted in the formation of n-propyl mercaptan. No 
iso-propyl mercaptan could be found. When the photolysis of a 
similar mixture was performed with a Cadmium resonance lamp using 
both the 2288 A and the 2980 A resonance lines, both n-propyl and 


iso-propyl mercaptans were formed. The ratio of the two mercaptans 


was=l0:7l for n:ziso. 


The reaction of CH, with hydrogen disulfide. 
The flash photolysis of 40 torr acetone in the presence 
HtelsOetorr HAS. in the pyrex region resulted in the formation of 


carbon monoxide, ethane, methane, and methyl mercaptan. Other 


minor products were hydrogen sulfide and sulfur. The transients 
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detected by kinetic spectroscopy were HS, HS,» and S5 Coy 


25 ay) could not be detected even if formed since the acetone 
continuum caused complete absorption in that region of the spectrum. 
The series of absorption spectra in Plate 10 show the formation 
and the decay of the intermediates. The HS spectrum was at maximum 
intensity at the shortest delay, 27 usec, and decayed within 95 
usec. The HS. spectrum was weak at short delays but increased at 
longer delays, reaching maximum intensity at about 95 usec. The 
Ss, Cz) spectrum grew in intensity at the same rate as LBs 

The photolysis of hydrogen disulfide admixed with 90 torr 
argon was also carried out in the py rex region. No perceptible 
decomposition occurred as evidenced by the absence of all transient 
spectra in Plate 10b. 

The flash photolysis of acetone-d- was also carried out 

in the presence of 1.0 torr H,§, under the above conditions. In 


addition to the products observed with light acetone, uae was 


also found although in small amounts. 


The effect of wavelength. 

The effect of wavelength on the photolysis of hydrogen 
disulfide was examined by carrying but the flash photolysis of 1.8 
torr HS, ae 100 torr CO» with quartz and Vycor 7905 (transmitted 


ae 2.300 A) filters placed between the lamp and the reaction cell. 


The only effect observed was a decrease in the intensity of the 
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transient spectra when the Vycor 7905 filter was used. The ratio 
of HS : HS, with quartz and with Vycor 7905 filters were 0.9 and 


1.1 respectively. 


Hydrogen disulfide with added nitric oxide. 

The effect of nitric oxide on the flash photolysis of 
hydrogen disulfide was examined by flashing 1.8 torr Bee in the 
presence of 10 torr NO + 88 torr He. The following effects were 
observed. AIll memaien’ Spectra were reduced in intensity as shown 
in Plate 11. “The HS amd the es Spee te were weak but they appeared 
at maximum intensity at the shortest delay used, 27 usec. The 


She 

spectrum of ¥ ( Ze) only appeared after a delay of about 100 usec 
and its spectrum was very weak. The dark decomposition which 
normally occurs immediately after the flash did not set in for 


several minutes. Once initiated, the decomposition went to completion 


within a few minutes. 


Flash photolysis - kinetic mass spectrometry experiments. 
The flash photolysis of hydrogen disulfide was also 
examined by the technique of kinetic mass spectrometry. The products 
and the transients detected were 2y S35 Sy HS; HS as and HS) s 
The signal detected at m/e = 98, Figure 4la, represents the formation 


and the decay of the ion H A single rapid scan of S, from the 


2°3 
flash photolysis of carbonyl sulfide is shown in Figure ALO A 
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similar rapid scan of the m/e = 98 region from the flash photolysis 
of hydrogen disulfide is shown in Figure 4lc. 

The signal at m/e = 130 region is shown in Figure 42a and 
represents the formation and decay of the ion ReCHE Single rapid 
scans in the m/e = 130 region in the flash photolysis of carbonyl 


sulfide and hydrogen disulfide are shown in Figures 42b and 42c 


respectively. 
DISCUSSION 


Primary reactions. 

The ultra violet absorption spectrum of gaseous hydrogen 
disulfide is shown in Figure 43. There are two distinct maxima, at 
2000 A and at 2550 Ae with possibly a third at 1900 A. The two 
maxima in the quartz U. V. region indicate at least two electronic 
transitions. Thompson et. cilate have suggested that the maximum at 
2500 A in dimethyl disulfide contains two transitions, one of which 
is the promotion of a non bonding electron to a eee orbital 
resulting in S-S bond rupture. Similar observations were made by 
Rao et. Pilger Disulfides also exhibit a maximum at about 2000 oe 
Ramarkrishnan et. nies attributed this absorption in tetra and 
pentamethylene disulfides to a an ehe <n transition and demonstrated 


that C-S bond rupture occured. 
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Since hydrogen disulfide can be expected to show behavior 
similar to these simple organic disulfides, two probable primary 


processes that should be considered are: 


H,S aes 


25 see ol ear HS. {1} 


9000 A 


H,S are bal 


2°90 Da men eee {2} 


That HS and oS may be formed in the primary process is indicated 
by the presence of their respective spectra at maximum intensity at 
the delay time when the output of the flash is at maximum intensity. 
The occurrence of reaction {2}-was demonstrated in the 
experiments with added propylene. The photolysis of hydrogen 
disulfide in the presence of propylene in the pyrex region gave only 
eons) mercaptan. No iso-propyl mercaptan could be found. Since 
pyrex glass only transmits wavelengths greater than 2900 A, only 


the tail end of the 2550 A region was able to absorb. The formation 


of n-propyl mercaptan is attributed to the scheme 


CH,CH=CH, + HS > CH. CHCH,SH Tot 


8) 


H.CH.SH +  4HS {4} 
CH.,CHCH,SH + HS, > CHC 5€ 9 : 


Peeper eocicd in reaction {2}. Tf réaction {1} had occurred, then 


iso-propyl mercaptan should also have been formed. 


When the photolysis of the same mixture was carried out 


using both absorption regions, both n-propyl at iso-propyl mercaptans 
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were formed. The formation of iso-propyl mercaptan is best attributed 


to 


H, CH= + 
CH CH=CH. H >  CH,CHCH, {5} 


CH_CHCH + HS > 
3 3 Este dageate {6} 


The H atoms are formed in reaction {1}. n-Propyl mercaptan is again 
formed by reactions {2}, {3}, and {4}. These Peeper ty As show 
that reactions {1} and {2} are primary processes occuring at 2000 A 
and at 2550 A respectively. 

This point was further demonstrated by the observed 
wavelength dependence of the photolysis of hydrogen disulfide. 
Identical mixtures were flash photolyzed with either a quartz or a 
Vycor 7905 filter. The quartz filter was used to correct for any 
scattering by the Vycor filter placed between the lamp and the cell. 


The ratio of HS / HS. was found to be 0.9 when quartz was used and 


Z 


1.1 with Vycor 7905. This decrease in the relative yield of HS, 
is best attributed to the fact that Vycor 7905 effectively eliminates 
all wavelengths below 2300 A and consequently decreasing the amount 
of HS, formed in reaction {1} while having no effect on the 2550 A 


absorption region which produces HS. 


Other primary processes that should be considered are 
Hos fo oh he Boh Ss {7} 


thes + hv > H,8 + S {8} 
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Reaction {7} is not important for two reasons. First, the 
low hydrogen yield, 0.05 umoles/flash compared to about 2 wmole/flash 
total decomposition, shows that even if reaction {7} did occur, its 
contribution is very small. Secondly, the formation of S. is slow 


when compared to the formation of HS and HS 5» indicating that 5 is 


formed in a secondary process. 
That a is#a product.of the reactions of HS and HS, was 
shown in the experiments with added nitric oxide. In the presence 


of NO, the intensity of the spectra of HS and ae were reduced owing 


to the reactions 
HS + NO > HSNO {9} 
HS + NO >  HSSNO {10} 


Reaction {9} has been demonstrated in the flash photolysis - kinetic 
mass spectrometry of HAS - NO mixtures ‘1, The spectra of HS and 
HS, were at maximum intensity at the shortest delay. S., (Pz) on 
the other hand could not be observed until about 60 usec delay and 
even then only very weakly. This clearly indicates that HS and Bet 
are primary products but S. is not. These results are shown in 
Prate 11. 

Reaction {8} cannot be a primary process for the following 
reason. In the static photolysis of HS, - CoH, mixtures, ethyl 


mercaptan was isolated but ethylene episulfide was not found. The 


direct formation of $ atoms in the primaty process is precluded by 
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the absence of the episulfide since sulfur atoms have been shown 


to readily add to ethylene. 


Secondary reactions. 
Since hydrogen atoms are formed in reaction {1}, it was 


assumed that they would react with hydrogen disulfide via 
teeta ene oe > oH + HS | {11} 


However, the absence of all but trace quantities of hydrogen 
precludes this abstraction reaction. A reasonable reaction that 
will account for the reaction of H atoms with hydrogen disulfide 


without the formation of hydrogen is 
Mee enes. ee n.S FHS bi ia 


i.e., abstraction of an HS group. Reaction {12} could be convincingly 
demonstrated by observing the reaction between hydrogen disulfide 
and H atoms generated by some means other than the photo-decomposition 


of HS Several hydrogen atom sources were tried but they either 


Pe SY 


caused dark decomposition of hydrogen disulfide or absorbed in such 


a region of the spectrum that HS. also underwent photolysis. 
Greig and Thynne>? have observed that cD, reacts in two 
ways with methyl mercaptan, namely, 
+ CDH + CHES {13} 
cD. + CH SH 3 3 
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CD + H.S 
5 G 5 H > cD SH +. CH, {14} 


Reaction {14} occurs much slower than {13} and only about 5% of 

the CD. were found to react via {14}. It was felt that if it could 
shown that methyl redicals do abstract an HS group from hydrogen 
disulfide, then reaction {12} could also occur. 

Acetone, a good source of methyl radicals, was flash 
photolyzed in the pyrex region of the spectrum to prevent the 
photo-decomposition of hydrogen disulfide. It can be seen in Plate 
10b that flash photolysis of hydrogen disulfide in the pyrex region 
causes very Perea tetonnaa fon since no transients could be 


detected. When acetone is added, the spectra of HS, HS,, and 


2 
Ss, Cr5) are detected. It can be seen in Plate 10a that the spectrum 
observed at the shortest delay is that of HS. The spectra of ue 

and S, only appear after a delay of about 75 usec. Since the HS 


Spectrum is not the result of direct photolysis, its formation is 


best attributed to the reaction 
+ HS > CH_SH + £245 {15} 
a SIO 3 


The formation of methyl mercaptan supports this view. The formation 


of HS, is most likely 


HS°a +. .H;S > HS. «+..HS {16} 


since HS. is seen to reach maximum concentration only after the HS 
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has decayed. Since CDH was also formed in the photolysis of C 


HS, mixtures, methyl radicals also undergo 


but to a lesser extent than reaction {15}. 


The reactions of HS are 


ts ns pe tg’. (op) 


32 
Reaction {16},discussed previously, was also proposed 
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3°6° aay 


{17} 


{18} 


{19} 


{16} 


to explain the formation of some disulfide products in the liquid 


phase, thermal decomposition of hydrogen disulfide in the presence 


of pentenes. Similar reaction between OH and hydrogen peroxide 


was proposed by ee in the flash photolysis of H50,- 


Reaction {18}, proposed in previous chapters, was 


demonstrated in this study by the detection of ethylene episulfide 


in the flash photolysis of Ho55 — CH, 


C.H. mixtures. The occurrence of 


reaction {19} is indicated by the pressure dependence of the decay 


of HS as shown in Figure 37. 


The flash photolysis of hydrogen disulfide in the presence 


of an inert gas produced hydrogen sulfide and sulfur as well as one 


or more products of low vapor pressure which underwent slow 
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decomposition to hydrogen sulfide and sulfur before mass spectral or 
infra red analysis could be performed. To determine the identity of 
these products, the flash photolysis of hydrogen disulfide was 
performed in conjunction with the technique of kinetic mass 
spectrometry. In addition to signals corresponding EOuH AS. S5> and 
Si° signals were also detected at m/e = 98 and 130 as shown in 
Figures 4la and 42a respectively. These signals were attributed 


to the ions H.S,* and H,S,* respectively. However, these signals 


23 274 
p : , : F 525204 
could also be attributed to the isotopic combinations S> § and 
2 
=F ae To determine the isotopic profile of 3 and Sh » carbonyl 


sulfide was flash photolyzed and the signals in the respective 
regions of S. and SF) were recorded in one rapid scan. These rapid 
scans are shown in Figures 4lb and 42b. It can be seen that the above 
ay isotopic species only amounts to about 5 to 104 of the total 
5. and Sy, produced in agreement with the natural abundance of the 
534 isotope. When the same single rapid scans were carried out in 
the flash photolysis of hydrogen disulfide, quite different results 
were obtained. The signals at m/e = 98 and 130 are about the same 
as the signals of 53 and Sy. From this it can be concluded that 
the signals at m/e = 98 and 130 are due to the species HS.” and 
H,S itp 
24 

iss may also have been a fragmentation product of the 

ion By Se However, comparison of Figures 41a and 42a shows that 


the two species have markedly different decay rates and thus they 


arise from two different molecular species, namely, H9S3 and HoSy,. 
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The most likely s Detos nd H i 
y source o 2°3 and ae is 


HS + HS > Hes {20} 


2 HS, > HS, {21} 


Reaction {21} is a pressure independent second order process as 
indicated by Figure 44. The plot of agpen vs. time for HS, 
decay does not yield a straight line until most of the HS has decayed. 
This is consistent with the complicated kinetics as a result of 
reactions {16} and {20}. Reaction {20} may or may not be pressure 
dependent. The HS removal eee show pressure dependence but this 
may be due entirely to reaction {19}. 


The cross and self disproportionation reactions of HS 


2 
must also be considered. 
HS + HS > Uno + SG 357 and a ) {22} 
2 2 2 g g 
S macy ) {23} 
2 BE re GEG ae 9 ( P an g 


HS can not be the only source of S since in the flash photolysis 
of hydrogen sulfide, the mount of HS formed was about the same as 


in this study but the amount of S, produced was about one half. This 


"4 


increase in the S, yield in the presence of HS, is best explained 


in terms of reactions {22} and {23}. 


In the flash photolysis of HSo= CH, mixtures, the decay 


of HS is very rapid owing to the scavenging reaction 
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HS .+ 
CoH, > CH, CH, SH {24} 


The formation of ethyl mercaptan can be explained in terms of reactions 


{24} and {25}. 
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Hydrogen atoms formed in reaction {1} probably add to ethylene to 
form ethyl and the ethyl may abstract an H to form ethane. Ethyl 
may also abstract an HS as was seen for methyl, but this would 
result in ethyl mercaptan and since it is also formed by reactions 
{24} and {25}, the two processes can not be distinguished. 

The yield of HS, decreases by a factor of about two 
since reaction {16} is eliminated. The - 7x5) yield also shows 
about a four fold decrease indicating that reactions {22} and {23} 
are important = producing steps. 

See ae is formed in reactions {22} and {23} as well as 


2 


3 ; 
in the recombination of S ( P) atoms formed in {18}. 
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since its rate of removal increases with increasing pressure of 


diluent gas. 
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aa 
S., ( does) is formed in reactions {22}, {23}, {26}, and 


Weheee Lt decays by a pressure dependent, second order process, 


3 °- 
2 Ss, ( E + M + S,, + Mx {28} 


Since jplots of oR vs. time result in straight lines as shown in 
Figure 45. From the slopes, the absolute rate constants for S$ 
decay can be calculated and these values are listed in Table XIV. 
There is good agreement in the third order rate constants indicating 
that S, removal is well described by reaction {28}. It can be 
seen that ethylene is about seven times as efficient in reaction 
{28} as is carbon dioxide. This may be compared with ethylene 
episulfide which is about ten times as efficient as Sloe 

The results of this investigation have an important 
bearing on the photochemistry of hydrogen peroxide. The only 


primary process considered was 
H,O, + hv > 208 {29} 


The absence of hydrogen among the products was taken as evidence 


that the process 
H.O + hv > H+ ~HO {30} 


did not occur. However, since it was shown that H atoms 
abstract an HS group rather than an H atom from hydrogen disulfide, 
Such a process may also occur in the case of hydrogen peroxide with 


the consequence that hydrogen is not formed. 
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The process 


Hee 0) ‘eee Oats. OF {31} 


is energetically favorable since the D(HO - OH) is only about 50 


Keal/mole while the D (HO - H) is 119 Kcal/mole. 
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